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PREFACE 

The book has been wrillen lo meet the demand cf 
engineering stuclenlSj who already have a sound knowledge of 
basic principles in electrical engineering and require guidance in 
their application- 

A good variety of problems on ‘Direct Current’ have been 
solved in full detail in this volume. The methods adopted are. 
not the only ones, nor necessarily the best ; the main object has 
been to set the student thinking by providing him with the 
necessary analysis. 

The book is not a text book and the theory given is 
sufficient for an undctstaiiding of the problcrn.s. 

The authors earnestly liopc that the book will prove useful 
to the students and enable them to tackle any problem in a 
systematic manner. 

Although every care has been taken in checking the 
solutions, errors may still remain. Notification of any corrections, 
and suggestions will be gratefully acrcptecl. 

Patiala, 1960, 


P. V. Gtn'TA 
M. R. Awciakwau 
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SPECIFIC RESISTANCE 


1-1. Resistance J-i of ii conclucloi' is yivcii by tin.' 
expression : 

R= 


/ 

<( 


..Kq. (I-l) 


where Icni^lh of the t.onflucior 

«.=iaret\ nl ert>ss'Sefljon ol' thi* ( onhuettn 

& P=s])t;cilie resistance or resistivity for tin' tna- 

Lerial of the eoncluetor. 

1-2* Specific Resistance (or resistivity) is clelint'tl tis the 
resistance of a concltidor of unit length and unit cross-, sectional 
area. If V’ and ‘m’ tire in inch units, (’ is ('xpressed in n/rn/.s 
jicr inch culm, it' V’ and V/’ are in centirneler imils, p is exjn'es- 
sed in olnnc per cm. < uhc. 

Sometimes p is stated in olnnc per c.irv.uhxr inif-foal. 'This is 
the resislance of a wire 1 foot long, and I mil in ditnneter, where 

one mil 'lOOO 

'Lire area of a cii'cle who.se diaincter is oiK' mil, i.s one cir- 
cular mil, 

1 , 1 


UP,, one circular mil = 


Tf 


1000 ” It'OO ' 4 

X 10 " .Sq. inches. 


,sq. inehc.s 


so that if dianieter of ;i conductor' is 3 mils, its cross seclioiral 
ai'ca - X ^ sq. inehc.s. 

— 9y ^ X 10’ " sq. inch. 


1 circular mil= 


-9 circular mils 
: ^ X 10 “ sc|, inch). 
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AVOBKEX) EXAMPLES IN ELECTKIOAL ENmXEBHtNG 


Hence the area of a circle, d rails in diameter, is d'^ cllCu- 
lar mils. 

1-3. Specific resistance for copper =‘66 X 10 “ olnn i^er 
inch cube or, 1 '66 x i 0 "° ohm per cm. cube 

Specific resistance for Aluminium 

= 1 " 1 ' ' 10 '“ olun per ineli ( uIjc. 


Example 1. An aluminium conductor is 100 yds. Jons^f 
and has a resistance of 2 ohms. Find its area ol (‘loss-sectioir 
and the diameter given that specific resistance per inch cube 
for aluminium— 1' 04 microhms. 


2=l-04xI0-“x 


100x36 

a 


a=l04xlO”“x ='00187 .sq. in. 

If d is the diameter of the conductor 


then - 4 - = '001 87 ■ 



•00187 X - 

TC 


=■04879". 


d US. 


Example 2. Find the resistance of a copper bus-bar 30 ft. 
long and 3"x|-" in. cross-section. Specific rc.sislancc of coppci 
is '66 X 10“® ohm per in. cube. 

30 X I 2 

R=-66X10-«X =158-4xl0-“ ohm. 

J A §• 

= 158'4 microhms, Ans. 

Example 3. The resistance of 1000 yds. of lj'0i9” <’C)[)pt*r 
conductor is 5’281 ohms. Find the approximate re.slslara'e per 
mile at the same temperature of a 3/'036" conductor. 

^2 — ■ h ^ 

Ri li Oj 

Ra =Resistancc to be found 



ej’jaomc besistakce 
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R, =5-281 
=1760 yds. 
=1000 yds. 

</.,=3x ^ x'0362 
- 4 




= 7 x 


TT 

4 ' 


■0292 


R, = 5-281 X 
= 5-28] K 


1760 7 X -0292 

1000 3x-036-= 

1760 , 7 X -00841 

1000 3)X013 


= 14-1 1 (linn. 




Example 4 . 'I’hc rc.sisUmce of one mile of cupjtei- wire 
- 134 " diaincler is 3-12 ohms. Calculate the resistance ol’ti rpitu-- 
tcr mile of german silver ware - 065 " diameter given thtiL the 
specific resisLance of german silver is 13 limes llint of (■op[>er. 

K, _ O,. ^ 

Ri P ^''2 

Ri :?= 3-12 

L ■— rmilc 
4 

/j =onc mile 

ria=- 065 “x 

,Ki=- 134 ®x-'|^- 

1 MW 

Ra= 3- 1 2 X 1 3 X — T- X ' , -= 43-2 ohms. Atia, 

4 UoC)“ 

Example 5 , ]‘’ind the rc.sistancc of a conductor 1000 ft. 
long and 75 mils in diameter given rc.si.stanee per mil fool 
= 9-8 olim. 


If p is the speciiic resistance per inch cube 
9 - 8 - PX Tj 

4 ^"iddo ^ 1000 
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Ol' 


P = 


9-8 x-T XlO-s 
4 

12 


Resistance 


9-8 X 


Tf 

4 


: l0-« 


12 


. X ' 


lOOOx 12 


75 '<75 >■ 


TT 

4 


X 10- 


9-8x1000 

75x75 


= 1-742 ohms. 




or 


Obviously 

^ . Resistance per mil foot XleiiLfili inti 

Resi,staace= . . . , 

Area in circular mils. 

Res. per mil yard X len.!>rlli in yd.s. 
Aren in circular mils. 

Example 6. Determine the specific resistance per im-li 
cube and per cm. cube of a -wire 5 miles long and 10 mils dia- 
meter which has a resistance of 200 ohms. 

200 =pX where P=sperifu- Res. jicr incli 

cube, 


TT 100 

4 IU'> 


orP-200x 4 ^jQi ‘ 0 X 5280 .' |2 

=•0496 X 10' 8 oliin per inch cube. 
Specific re.sistance per cm. ciibc = -0496 : : 10' " 2'54 


= -I259x i0-« ohm 


per cm. 




Example 7. Find tlie resistance of 125 yds. of wire 75 
mils in diameter given that the rc.sistance of one mile of wire of 
ihc same" raalerial 24 mils in diameter is '01 ohm. 


Res. per mil yd. 


;0I X 24x24 
1760 


Re,sistancc required— 


•01x24x24 125 

1760 ^75X75 


= 72*7 X lO'* ohm. Am. 


■OS 

1100 
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Example 8. A nichrome heater spiral rated at 1000 watts, 
230 volts consists of 180 turns, each havina; a mean diameter of 
0’6 inch, the diameter of the wire being O'OIS inch. Calculate 
the resistivity (at the operating temperature) of the material. 


or 


R= 


230y.A30 

1000 


— 52‘9 ohm-.. 


Length of the heater wire =180 >: it X '6 

. Tl* 

Clross-scctional area ofthc wire= . X’018“ 

4 

• px ISOxirx-e 

f X-0I8 c-OiX 

4 

If -OlS^OIKxSI-O 

180xrtX-6 

=39’7ylO “ oltin per inclt I’uhe. Am. 

Example 9. I'wo wires one ol’ahnninumi anti tiic fitlu'r 
of copper have the same diameter and cat'll weighs J ih. 'The 
copper wire is 20 ft. long. Calculate the Umgih of the alumi- 
nium wire and the resistance of each. 


Take p for cojijjcr 
P for Al. 

.Sp. gravity of copper 
■Sj-). gravity of Al. 


= 1'7 microhms jicr cm, cube 

6 ,, ,, 3 , 

=8-89 

=2-7. 


Wciffht=Voltunc : 






or 

(ti and % are equal 

Length of aluminium condut itn- 
20 8-89 

" ' 2-7 


d.S'-S li. 
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R = p = pX ■ 

(■/ 


/ 


wfis^ht 
sp. gravity 


p;2.s' 

/r 


Wt. of each wire=^^ *^ = 1 13‘4 g) ms. 

4 

„ ^ . 1-7x10 oxf20.s 12- 2-54)'' \8 «i> 

Res. ol copper wire=- I 

= •0495 ohm 

^ ,, , , iDRlO-^xfOS 8's l2x2-54)‘“ 27 

jvcSi A.1. 01 concluctor — I J 4 

= •247 ohm ^4/;.s-. 

Example 10. I’he resistance of a mile of iron who weigh- 
ing 100 Ihs is 54 ohms. Find die resistance of an iron rod 
2 yds. long weighing one 111. 

Wt. of wire per yarcl= 


Wt. of rod per yard 11> 

Sectional area of rod 1 

Sectional area oiwire 2 

^1-2 h A) 

R “V '■^A, 


J 7 (i 0 
1 00 


R2==54x 


200 

1760' ]760 
6'96x 10 ^ ohms. Aw.v. 


Example 11. A dynamo supplies cnrrcnl to a set ol 200 
lamps which are grouped in parallel at a distance of i mile 
from the dynamo. The leads have si cross-section of 05 sq. in. 
If each lamp takes '3 amp. and a l^.D. of 220 V is mainlaincd 
between the terminals of the group, what must be the IM ). at 
the dynamo terminal. 

Current taken by 200 Iamps=200x •3 — 60 amps. 

T, . , , , , -66x10 '-X 1760X36 

Resistance of the two leads == 

= '835 ohm. 

Voltage drop in leads ='835X60= -50 

P.D. at dynamo tcrininals =220-[-50=270 volts. Aw. 
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EsaTtnpie 12. Current is required alon^ a street JOOO feet 
](ins^ at the rate of one amp. per 10 ft. of frontage. Find the 
.sectional area of the condurlor so that the diircience of pres- 
sure between any two lamps shall not exceed 5 volts in the 
following two case.s : — 

{a) Current being supplied af one end. 

[b) j, ,, j, in the middle of the street. 

Talce P for copper = 2/3 X 10"“ ohm. jrcr inrh rubes. 

(ft) Total eurrent= -jq =100 amps- 
Mean value of ciirrcnt in the llnes= 50A 
If R is the line resistance we have 


50R=5 

R=^^ohin., /=2000 ft. 

'-I XIO-X 
JO 3 • a 

a =-?- X 1 0 » X 2C00 X 1 2 X 1 0 

16 _ . . 

- pjq— 16 sq, in. 


(/>} Current is svipplicd in the middle of the strecl. 
Current cm each half side— 50 amps. 

Mean value of current =.v25 A 


li R is resistance of line in half the .street. 

25R=5 

1 


R= 


oln 


n. 


/=]ooo a. 

5 3 II 


ft- ^ xio « .000 '12X5 

==‘04 sq. in. Aiit. 



CHAPTER II 


RESISTANCE TEMPERATURE COEFFICIENT 

2 - 1 . ip) Pure metals increase In resistance with rise of tem- 
perature. 

(&) Alloy.s — Most alloys increase very slightly in resistance 
with, rise of temperature. The resistance alloys used In elec- 
trical work, have a practically constant resistance at all tem- 
peratures, and therefore they are very .suitable for making 
standard resistances. 

(c) Carbon, insulators and electrolytes decrease in resis- 
tance with rise of temperature. 

The resistance temperature graph of pure metals and 
alloys is practically a straight line. 

2 - 2 . A conductor having <jnc ohm. resistance at O"!! in- 
creases in resistance by an amount « for each degree centigrade 
rise and becomes at 

Rj=Ro(l-+-aO Kq. (2-1) 

where Rf = Resistance at a temp. 

Ro=Resistance at a temp. 0“C. 

a, is called Resistance temp, coefficient of the material 
and is defined as the increase in the resistance of the conductor 
liaving an original resistance of one ohm. at 0°G when tin; 
temperature rises by I "G 

Values of « for Copper =0'00428 

5 , „ Manganin =0-00002 

„ „ Platinum silver =0'00027 

„ „ German silver = O' 00044 

Ra =Ri[I +«i(^a — h)] Eq. (2-2) 

where R^ is the resistance at a temperature ti, Rg the resis- 
tance at a higher temperature and the res. temp, co- 
efficient at temp, h- 
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If a, is the res. temp, coefficient of a cniulucLor c.'cprc.sscd 
as a fraction at temp. then the roellirient at temp. f/Cl is 

u;iven l)y a, 

where a 2 =-: -i— I'iq. (2-3) 

~ + 

Example 1. A length of nickel wire has a resistance of 
50 ohms, at lO'C. The resistance of this wire at 6()“C i.s found 
to be 60 ohms, hind the Res. temp, coelficient of nickel ai 
O^G. 

Let the coedicient at O'^G Itc a 

I'hcn Ri„=r50.-=R„(1 |-ayl0) 

R„„==60=:R„(|-|-«x6n) 

50 ^5 __ IJ-IOa. 

60 '6 'I -I- 60a 

or 5-1- 300a = 6+ 60a 

240a = l 

a=i'004l6 olnii. jier dcg'i'ee GI. .'l/is, 

Example 2. 'fhe rcsLsttincc of a cojtper ealtle was found 
to be 216 ohms, at a temp, of 20'’C. i'iie caldc was then cool- 
ed and the rcsi.stancc found to be 200 olmi.s. liiid Us liiiiU 
temperature. Take a = '004. 

Let the final temp, be GC 

l^ia = l^oCH-«>'20)=2i6 

Rt=R„(H-aX<)-20() 

H-20a_216_27 
iH-a/l “200 “23 
25-l-500a=27-t-27al 
25 + 2=27-f27al 

27 ai- 0 

ii=:0 

^O^G. Ans. 


or 
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Example 3. Find the percentage change in the rebistaiue 
of a motor armature from the initial room tcmpeiatuie of 25°C 
to the noimal worldng temperatuie of 65“G. 

R2=R„{l+ax65) 

Ri=Ro(I +0^ '•< 25 ) 

Ra - Ri_ 1 +65a-l_-25a ^40-1. 

Ri “ 1+250. ~l+25a 

Taking value of a=‘004 
40a _J_6 
l+25a“M 

%age changc^y!:^ > 100=^^ 

= 14-5%. +-.S. 

Example 4 . During a test on a shunt motor it was found 
that the resistance of the field coils is 57'5 ohms. If the resis- 
tance before beginning the test was 52’5 ohms, at a temp, of 
15®C, find the mean temperature of the coil. Take a=-0042 
at 0“G. 

R 2 1 +atg 
Ri~l+afi 
R^ Rj a(/g — it ]^) 

^'Rl "■ l+och" 

Rj— Rj i+o;j 

1+'0042X15_., „ 

~ ■ 52-5 ^ -0042 " 

Final tempeiature = 24 + 1 5 =39°C. urltia. 

Example 5. A coil has 1000 turns of copper wire wilh a 
cioss-section of 1288 circular mils and a length of mean turn of 
15 inches. Find : 

(a) Res. of the coil ai 0“G, given resistance per circular mil 
foot at 0"C'=9-7 ohms. 

0 ) Resistance at 25°C. Take «=■ -0042. 

(c) Current flowing through the coil at 25‘'G and 1 10 volts. 

(^) After the current has passed for some lime, its value is 
found to he 9 amps. Find the average temperature of the coll. 
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(^0 Rcs.sumn- <il ^ ‘ --9'4 ohms- 

{(>) RcsiM<m(i'a(25^Cl=9-4(l+-()042X25)=l0-3oIuni. 

(c) Ourii'iii flowing =-|^_^==I()‘7 anijis. 

((/] I'lu- icsisi.iiuc oC [he licaU’d coil 

= 1 2’ 2 ohms. 

12 2=9-4(1 + -00420 
i'=:.70 9"c;. ^«s-. 


Examples, (a) .Sliow Ihat-ii t/j hclhcRcsistamc'Icm- 
penilui’i' cncdic icuL ofa concluclrn- iU h'’G cxj^rcbscd as .iI’kU' 

tioii) (he cocdicicnl ,il Iciu)). £g”Cl is givf'n by 


((j) A (opjx-i wile has a sj5. resistance of I- 6X 10 ohiu. 
per cm. cube at 0®C1 and ,i icsisUiiue temp, eoelliciciil ol 

254'5 •‘■'"P- eocdicicnt and spceilie resis- 
tance at 60''C!. 


also 


R,j_ I -I «/., 
Ri l+ftlj 




o . , 1 I 

» Ki X , 

1 -|- 0,1^ 


Ra=Ri[i-| a,(£a-(,)] 


R.[i i«i(/,-/,)]=:R,v' 

I al, 




l-l-a(a— II n(J^ 

1 +«ii I d-a7| 


1 +al, 


+(. 


...( 1 ) 
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Similarly 


From (1) 


— = ~+'i 
ctj O’ * 


Putting this value of — in (2) 


J /1+/2 


(b) Temp, coefficient aoo— ’ 


-+(60-20) 

“20 

1 _ 1 
"25+5 + 40“ 294 5 


Specific les at 60°C 


^ = — +20 

“20 “0 

254 5=— +20 


- = 234-5 


Sp. Res. at 60“C= 1 -6 X 1 0-“ |+_!_ x60 ) 


-.■6x.0-.xf+ 

= 2-01 X 10“® ohm. per cm. cube. 
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Example 7. Pmd the niiienl Ilowing at the instant ol 
s\v itching on a 40 watt. i40 volt lamp given that the incancles' 
cent filament tempeiaturc is 2015°C and the lesistance tcinji 
coefficient at 15“G is *005. 

240 . 240 

Filament res at 2015'’C= -1440 ohms 

40 

R,=Ri(H-adj 

whcic Ri=Rcs. at 15%: 

a^=Res. temp luclhcicnt at 15“C.‘ 

1 440c^Ri( H- *005 X 2000) 

Ra=13l ohm. 

At the tniK' ol switihing on the element is eolcl and lias 
lesistance of 131 ohms. 

240 

Ctincnt taken==-.-^ = l 83 Amjis. das 



CHAPTER III 


INSULATION RESISTANCE 


The insulation resistance of a cahh’ is 


3-1 


L 


■lo 




a 10 


Eq. (3-1) 


•where p=Specific resistance of the insiihvtino- ni.ucrial 
7=Leii£!;th of the cable 
jq=Radius of the conductor 
j 2 =Raclius of the outer surface oJ' iusulatioti. 

From the above formula it is obvious that (lie insulation 
resistance of a cable varies inversely as its length. 


3-2. Effect of temperature rise cn the insulation : — 
The insulation resistance falls very rajhdls \\ alt tempe- 
rature rise, obeying the formula : — 

Log R( =Log Rs— K (t—s) Eq. (3-2) 

where R,= Insulation resistance at a stand. ud letup, s"’ 
Rf= Insulation resistance at a temp, t'\ 

K is a constant for the insulating material. 

If i' is the temperature rise to halve the insulation resis- 
tance of a cable we have ; — 

Log l=Log2-Ki' 
or Ki'^=Log 2 

. K- ^ 

• f 


Substituting the value of K in Eq. (3-2) 
jLjO^ 

LogRj=Log Rs— Kq.(.l-3) 


Example 1. A uniform cable 1 10 yards long when tesU-.d 
gave the conductor resistance ’22 ohm and insulation resi.slanco 
5000 megohms. Find the values per mile. 
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Conductor rcMStance varies directly as the Icngtln 


Conductor res. per miIe=E-2?x 


1760 

110 


= 3‘52 ohms. 


Insulation rcsistajice varies inversely as llic lenf3;th. 

Insulation res. per mile =5000 X 

1760 

= 312’5 lucsoluns. .'t/ns. 

Example 2. ’The total insulation resistance of a telegrajhi 
line between stations A and C! is 5000 ohms. I'he insulation 
resistance of the line l)etwecn A and an intermediate station B 
is 7000 ohms. What is the insulation restsUtnee of the .seclitJii 
BC and its insulation resistance ]jcr mile if this section is 5 miles 
long. 

If R is the insulation icsistance of soeliou BG 

1 

50o0 

I __ I 1 ... 2 

R 5000 7000 35000 

or R= 1 7500 ohms. 

Insulation resistance per mile= 17500 .5~---H7500 oltms. 

J«.s. 

Example 3. An insulated caltle is one mile long havinn 
a core of 2 5 mm. diameter. The thickness of the in.stilaiing 
material is T25 mni. and its re.sLsiivity 4’5 s lid' ohms per cm. 
cube. Find the insulation resistance oi’ llic ettlile. 


7000 ^ R 


Insulation Res. ---'366 X 


(* , ' ll 

r ““ 5 10 


Insulation res. == ‘366 X 
■-•366x 


I /'i 

/= 1760x36 2-54 cm. 
rj^~~-2'5 min. 
ri=:l'25 mm, 

4 5 <10"‘ 

1760 X 36 X 2- 54 
4-5 xlO’" 

1760'- .16 v 2'54 
=310 megohms. . I/ss. 


X]ogi|,2 

X-30(0 
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Example 4. The insulation resistance of a mile of insu- 
lated cable is 600 nieghoms, the conductor diameter is 2 mm 
and the thickness of the insulating envelop is one mm. Dctci- 
mine the thickness of the envelop of the same material for a 
cable if the diameter of the conductor is 3 mm. and msulation 
resistance is 1200 megohms per mile. 


Insulation Res. ='366- 


f' 

I 


login 




600 ='366 X 
-366 


X login 
1 

login''" 


2 

1 


Again 


1200= -366 X 


600 

■36b 


>. 



X log 


r'a 

1-5 


where is new' radius of tJie outer surface of insulation. 
Log =21og2=-6020 


T5 


=4 or r'2=6 mm. 


The’ conductor diameter being 1'5 mni. the insulating en- 
velop is 4‘5 mm. thick. 


Example 5. A .single core cable having a conductor dia- 
meter of 1 ’5 cm and overall diameter 2 9 cm. has an insulatioti 
resistance of 500 megohms per mile. Find the resistivity of the 
insulating material in megohms per cm. cube. The insnlaliou 
resistance is to be increased to 900 megohms per mile iiy an 
additional layer of an insulating material of re.slstivity 6'5 .X 10“ 
megohms per cm. cuiic. Find the thicknes.s of in.sulation to lie 
added. 


500 

P 


= *366x 


P 

1760x36x2-54 


X lo.kto 


i-45 

•75 


_ 500x1 760x36x2-54 I 

•366 ^ logj.0 1-933 

=7'76x' 10® megohms per cm. cube. 


(b) 400='366x 


6;^5X108 
1 760 x'36x 2-54 


X log 


to 
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Los 


»-3 ==400 X 1 760 X 36 X 2;^ 
6‘5X10®X‘366 


-^= 1'884 
fa = 1 -884 X 1-45 

Thickness of insiilation=T884x T45— T45 

=-884xl-45 = T28 cm. 



Ans. 


Example 6. The insulation resistance of the ordinary 
cables used in house wiring is 600 megohms per mile at 70°F. 
Determine the value at 60“F if the insulating material is such 
that a rise of 15°F halves ils resistance. 


Log 


R; =Log 11,- 

Log 2. . 

15 


K 


•3JI0 

15 


=-■02006 


Log Rei, =Log R,,,— -02006 (—10) 

=Log 600+-2006=2-7782 + -2006 
=2-9788 

Rfio =952'3 megohms. Am, 



CHAPTER IV 


OHMS LAWj RESISTANCES IN SERIES AND 
PARALLEL, SHUNTS, CELLS 

4 - 1 , Ohms Law. 

If V is measured in volts, I in amperes, and R in ohms, 


then 


Current I = 
Voltage V 
Resistance R= 

4-2. 


_V 

R 


or 


Voltage 


...(Eq. 4-1) 
...(Eq. 4-l«) 
...(Eq. A-\b) 


Resistance 

= I X R or Current X Resistance 
V , Voltage 
I Cunent 

Arrangement of resistances. 

(a) Series. If several resistances are connected in series so 
□ — V\/V — ° — WV o— AAA/^— •' 

Fig. 1 


R=>'t+?'2+»'3 

{b) Parallel. When the lesistanccs are 
each forms a separate path for a part of the total current they 
are said to be connected in parallel. ^ y ^ 


that the same curreni Hows 
through each, then the total 
or equivalent lesistance is 
the sum of all the resistances. 
liesMlances in aeries 
...(Eq. 4-2) 
so arranged that 


Figure shows resistances ij, r^, 


fg connected in parallel. 




V 


I,= 


_v 

♦■a 


R= 


V 

r,i 


=-X, 

" R 

Lesistance. 
V 


\ — AAAAAAA/' 1 


AA/WWW^- 


U- 


1 




1 


' WWWv\c-^ 

RESISTANuf'j INPAHALLll 

Fig. 2 

...(Eq. 4-3) 


2 
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-4- is called the conductance of the conductor and is the 
property of the material which conducts current. 

If two conductors having resistances and connec- 

ted in parallel and Ij and I 2 arc the currents flowing through 
I T 

them then ^ 

la >1 


and 
where • 


X 




I =Ix+I, 


I, =IX 


ry+r 


2 


4-3. In a cell or a dynamo 


Current 1= , 

r-l- 

__V 
“ R' 


Total pressure 
I'otal resistance 

Ternrinal P.D. 
External Resistance 


...(Ecp 5a) 


...(Eq. 5b) 


__ E— V ^ Volts drop in cell or dynamo 
r Internal rc.s. of cell or dynamo 

...(Eq.5c) 

Example 1. A cell having an cmf. of 1‘5 V. and internal 
resistance '5 ohm is connected in series with a cell of emf. 2V. 
and internal resistance one ohm. TJic circuit is completed by 
an external resistance of 5‘5 ohm. Find the current flowing, 
p.d. across the battery and across each cel). 

Total emf. =2-|-l'5=3-5 V. 

Total resistance =:5'5-i-l-f’ 5=7 ohms. 

3-5 

Current = y =’5 amp. 

Potential drop, in the 1 St. cell —'5X'5 =‘25 V 

p.d, acros.s the 1st cell -■-]'5--'25 ==1'25 V 

Potential drop in the second cell = 1 X '5 =- '5 V 

p.d. across the „ „ =2™'5 =1'SV 

p.d. across the battciy =1'25-1-1.5.=2*7SV. Ana. 
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Example 2. An arc lamp is intended to operate with a 
current of 10 amps and terminal pressure of 48 V. What resis- 
tance should be connected in the circuit if it is fed from 1 10 V 
supply. 

Volts spent in the resistance=l 10— 48=62 V. 

Current —10 amp. 

62 

Resistance required = -jq= 6‘2 ohms. Ahs. 

Example 3. Three coils having resistances of 4, 10 and 
20 ohms respectively are connected in parallel and the whole 
joined in series with a resistance of '5 ohm to a 100 V .supply. 
Determine the p.d. across the coils and the current in each 
part of the circuit. 

Resistance of the 3 coils in parallel=R 

L=i 4-_l - 1 - i -5+2+1 _ 8 
R 4 lO'*' 20'‘' '20 ‘ 20 

R=2'5 ohms. 

Total resistance in the circuit==2‘5+*5=3 ohms. 

Total current 33 '3 amps. 

Drop of voltage across the coils=2'5 X 33’3 

= 83'33 volts. 

Current in Coll No. 1= — 20‘82 amps. 

„ „ No. 2= = 8-33 „ 

„ No. 

Example 4. A battery of 1 2 equal cells in series screwed 
up in a box, being suspected of having some of the cells wrong- 
ly connected is put into circuit with a galvanometer and 2 
cells similar to the others. Currents in the ratio 3 and 2 arc 
obtained according as the two extra cells are arranged to work 
with or against the battery. What is the condition of the 
battery. 

Suppose n cells are connected correctly. 

Then 12— n cells are connected wrongly. 
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Resistance 23er cell=J‘.j Emf. per cell— R. 
ftE-(i2-?i, + 2) E _ 

14r ■ 


or X E 

= 14r 

...(1) 

(?i+2) E~(12~n) 



14r 



or (M-5) E 

=21r 

-(2) 

m-7 14 

2 


vi-5 21 

3 



M = ll 


So ri cells arc connected con’cctly and one cell connected 
wrongly. 


Example 5. Two resistances A and B arc connected in 
series across a 220 V suj^ply. A voltmeter of resistance 1500 
ohms is connected across A and reads 50 V, then across B and 
it reads 100 V. Find the resistances A and B. 


Current in voltmeter = 


50_ 

rsoo 


Current in A= 

1 , 50 
■■ 10+"A 


"M 

50 
A 
J70 
B ■ 


or 


o- 

-so^~ 


t WVWVW 


—riQV 

-AAAWvV^ f 

3 


n r 


20 V 

Vig. 3 


A ~ 50V B' "SOT 


When the voltmeter is connected across B it reads 100 V 
and we have : 


100 

100 

120 

120 / 

' 170 

1 > 


1500 ^ 

B 

A 

50 i 

. B 

30 J 


^)r 

100 

120 

^170 

JL^ 

100 


B 

50 ' 

V B 

30 J 

'“isoo 




_2040 

12 

1 

.2040 

11 



5B 

150 

"15 " 

"511" 

"75 
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or 


100 = 


2040 11 


B= 


5 

75 

il 


75 

X308 


■B=408- 


11 


75 


B 


=2100 ohms. Afis. 


1 

- 1 f 

170 1 • 


( 170 

— L'l 

A 

5U 1, 

B 30 , 

/ 50 

^2100 

30 y 


= i-x/ 



10 



50 1 

. 210 J 

50 

210 


A 

= 50x21 


= 1050 

ohms. 

Ans. 


>50JX 


J20V 


Example 6. Between what resistance limits should the 

^ ^ resistance jR be oioerated so that 

the p.d. between points a and 1) 

does not exceed 10 V in the 

cu'cuit shown. 

Current through circuit 

An 120 - 

AB=— =2 amp.s. 

Voltage across 10 ohni. 
^ ^ resistance= lOx 2=20V. 

4 In order that the p.d, across 

points a and b may remain 10 volts the p.d. across the 50 
ohm. resistance in circuit CD should be 30 V or 10 V. 

When p.d. is 30 V. then current through it 
30 



50 


'6 amp. 


and 


R= 


120-30 


= 150 ohms. 


When p.d. is 10 V. then current through it 
10 


--^-=-2A. 


and 


50 


•10 110 


= 550 ohms. 


So the resistance R can be varied between values 150 
ohms, and 550 ohms. 
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Eacample 7. In the circuit shown find the value of R so 
that the current taken shall qq fi 

be 2-5A when 100 volts pres- WA/ 

sure is applied across points /oJl. II 

A and B. ^ VVW’ \aaaa- ^ 

Total resistance of the 
circuit=.-^7^~40 ohms. 

Resistance of the parallel i'esistances=40 — 10=30 


00 fi 

— WW 1 

R 

-AVvM/- 



30 90 R 120 

1 1 1 1 _ 5 

R " 30 90 120 "~360 

R=72 ohms. Ans, 


4A 

— t- 


Example 8. In the circuit shown below the current ilowing 
u _ in the 8 ohm. resistance is 

2' 5 amp. 

Find currents in 

^ other branches and the 

value of the resistance x. 

-A/vw' I Voltage across points 

A and B 

I'ig. 6 =8 X 2-5=20 V. 


— ^vww- 

! — wvvv — 
, ‘10 
vww^ 


20 

Current through 40 ohm. res. == amp. 


25 „ 


- 20_.o 


„ =4-(2-5+-5H--8) 
=‘2 amp. 


Value of a; =~^‘== 100 ohm?. Ans, 
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£ 


Example 9. In the circuit shown find the voltage across 

the 4 ohm. resistance and the 
supply voltage at points A 
and B. , 


A 4JL 

■ " ■ 'AAAA 


SOVSlOSh 


;24SL >1241 


Current through 8 ohm. 
resistance ch~ -4^=::6'25 A 


Fig. 7 

Total Current =6‘25-|-5=lT25A 


Current through lOohm. 
50 

resistance c6=— j^=5A. 


10 


Total resistance of the 3 paths connected across ah 
1 _ 1 ,1 , 1 __ 6 
R 24 12 8 24 

R=4 ohms. 

Voltage across a5=4 X 1 1-25 =45 volts. 

„ 4 ohm. resistance =4 X 11 ‘25=45 volts. 
Total line voltage across AB = 45 -(- 45 50 

= 140 volts, Ans. 


Example 10. A potential divider of 160 ohms, resistance 
IS comrected across a 240 volt supply. A current of 2 amps, is 
required in the 20 ohm. coil. Find the position of the tappintt 
point 


Let resistance of part AB=R. 

p.d. across the coil when carrying 
=2 ><20=40 volts. 

p.d. across AB=40V. 

Current in AB=-— . 


Total current in BC=2-J- 


40 

R 


^40 


p.d. acro,ssBG = 240—40 
=200V 
200 40 

leO-R"^*^ R ' 


a cuirenl of 2 amps. 
| 6 ' 


I 

160S}.? 




fw- 




A 

•Fig. 8 
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200 R-(160-R) (2Rf40) 

=320 R+640n-2R2-40R 
2R®-80R=6400 
R2-40R+400=3600 
(R- 20 )='= 60 “ 

R = 8(} ohni.s. Ans. 


Example 11. l''(mr resistances AB=8 ohiii.s. BG I6il, CO^- 
8 ohms, and ])l'i=12 5 -_q 

ohms, arc coiinec- i WVW^- 

ted in series across 
tlie terminals of a 


tea m series across jji 

tiie terminals of a VW F 

150 V supply, Re.sis- — ‘■f — >■// — 

tances each of 5 
ohra.s arc connefted 


between the points 
B and 11 and between 
points 0 ;uid 11. 


- 160 V 
T’iB. !) 


(1 

F 


Caknlate tlie current (lowing through the 12 ohm rt'si.stance. 
Ilqiiivalcnl ri'sislanec of group Clill’ 

2()X‘' . , 

‘'“20+5“^ 

liqnivalcnt resistance of gi'oup BEG 
20 > 5 


20 1 - 5 ' 


-A ohms. 


Total equivalent re.si.slancc=4 + 8=al2 ohm.s. 


Curmil in — 


=12'5 amp.s. 

Current iiiBG-- Ip- 12*5 Is 

5 

'25' 

=2‘5 amps. 

Clurrcnt in 1)11-— 1;.=2'5.''. 

5 

'25' 

=‘5 amp. . 


Example 12. The ]c:;id.s from a dynamo arc connected 
across 55 storage cells in series and 100 metal filament glow lamps 
in parallel. Each cell ha.s an cinf. of 2 volt.s and a resistance of 
•0024 olnu. CluiTent taken by each lamp is '75 amp. If the 
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Jeads have a resistance of '08 ohm. and the voltage at the load 
end is J20 V find : 

{a) The charging cui-rent of the battery. 

(&) The hot resistance of each lamp. 

(c) The p.d. at the dynamo terminals. 

Current in 100 lamp =75 amp. 

Emf. of 55 cells =110V. 

Resistance,, ,, =55 X •0024='132 ohms. 

Charging current of battery = ^-^=75‘8 amp, 

Hot resistance of lamp 
Total current 

Drop of Voltage in the leads 
p.d. at the dynamo terminals 


= =160 ohms. 

=75+75‘8 = l 50‘8 amps. 
= 150-8 X -08 
= 12-1 volts. 

= 120 + 12-1 
=132-1 volts. Ans. 


Example 13. A battery of 60 secondary cells in series 
■whose emf. has fallen to the minimum value of I’S volts per cell 
is to be charged at a constant current. If the capacity of the 
battery is 100 amp-hour at the 10 hour late and its resistance 
is "02 ohm. per cell, how must tlie applied voltage be varied 
■during charge. Max. voltage per charged cell is 2-5 volts. 

(/ ) If the supply had a constant pressure of 200 V what 
must be the values of the regulating resistance at the beginning 
and at the end of the charge. Assume charging current to be 
■^equal to the normal discharge current. 


Resistance of battery 
Current 


=60X‘02 = l-2 ohms. 


too 

10 


10 amps. 


pEmf. at beginning =60x 1-8=108 volts 

„ „ the end =60x2-5=150,, 

Volts drop in the battery= 1-2x10=12 volts. 

p.d. across battery =108 + 1 2=120 V at the start 

and 150+12 =162 volts at the end. 
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Voltage drop in the begimring in the icgulaling resistance 

-=200- 120- 80 V. 

Vahie of regulating resistance at the beginning 

An,i. 


= — ohms. 


\’'oltagc drop in the icsistancc in the end 

=•200- 1 62=38 volts 
38 


Value of rc,si.stancc at the end 


10 


=3'8 ohms. 


Example 14. If a battery of 55 cells in scries each having 
an einf. of 2'2 V and a resistance of '05 oluiibc giving the nraxi- 
mum power to an external ciroiil, what is the ciuTcnt flowing 
and by how much i)cr cent will the power given to the outside 
circuit be reduced If the circuit ho altered so tliat the current 
is reduced by 20 “/f,. 

(b) If the external icsistancc con.si.sl.s of a simple resistance, 
what is the value of the resistance when it leceives maxiinuni 
power, and by how much percentage will the power given to 
the external circuit be reduced if the resistance is (f) 50% smaller 
(ii) 40% larger than tlitil which corresponds with maximum 
power. 


wE 

wr-f-R 

nE-nr T =IR=V 
wEI-«r 1®=VI=W 
When W i.s maximum 

<a 


h=No. of cells 

lll=cinf. jier cell 
r=Intcrnel res. per cell 
I = Current 

V=VoUagc across R. 

W"=» Power in Ejxt. circuit. 


«E— 2 nrl 
E=2rl 

2‘2 

2X-05 


0 


I 


-22 amps. 


22 

20% of 22 amps. -•= ^ •=4‘4 amps. 
Current =22— 4*4=17'6 amps. 
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Resistance 


= =6-87 ohms. 

17‘6 


External resistance =6‘87“55 X •05=4’ 12 ohms. 
Power in outside circuit=17'6^X 4'12 

= 1277’76 watts. 

Power in the first case =55x2'2x22 — 55 X '05 X 22** 

=1331 watts. 


Reduction in power =1331 — 1277'6=53'24 watts. 

53-24 

Percentage reduction = 100=4% A7ia. 


(b) [i) The value of R i& 2'75 ohms, when it receives 
maximum power. 

When R is 50% less it becomes 1 *375 ohms. 

' 55x2-2 121 


Current 

Power 

Reduction in power 


'2*75+ 1-375" 4-125 


=29-33 


amps. 


=29-332x1-375=1183 wath. 
= 1331-1183 = 148 watts. 
148 


1331 


X 100=1 1-12% Ana 


(ii) When R is 40“ a moic it becomes 
2-75x1-4 =3-85 ohms. 

121 121 

Current = --grj . = I8'35 amp!,. 

Power =18-352x3-85=1295 watts. 

Reduction in power =1331 — 1295 = 36 watts. 

36x100 


1331 


=2-78%. 


Example IS. 18 cells each of I'S V emf. and 2’ 2 ohm 
internal resistance are to supply current to an external resistance 
of 4 ohms. What arrangement will give the maximum current 
and what is the value of this maximum current. 

Let the cells be arranged in m rows each with n cells 
in series. 

For maximum current ™ =R 

m 
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■where r= Internal resistance per cell 
and R= External resistance 
2-2 n —4m 
18 
ii 

4X18 


m= 


2'2 n = 

or ===32'8 

Take 'll =6 


7je 


/// 


-fR 


6x1-5 
'6x2'2' 


+4 


9 

8-1 


= T07 omps. 

Example 16. A battery having an cmf. of 525 V and a 
resistance of ’02 ohm. is . . ^ 


connected across the load 
at the end of a feeder cable, / 
each conductor of which ( 
has a resistance of ’05 ohm. 
The generator bus bar volt- 
■age is 550 volts. Calculate 
the p.d at the terminals of 


r 




ILOAD 


Ji 


J) 


FIk. 10 


the battery when the load current is («) ’/cro, (ft) 250 amps, 
(c) 750 amps. 

(a) Total pressure in the rircuit=550— 525 V, 

75 

Current llo-wing in the battery = —208 amp. 

Volts drop in line -208 X ’I =2()’8 V 

p.d. at battery terminals =550— 20‘8=529‘2 volts. 

Am, 

(ft) Suppose current supplied by the batt(;ry to the load is 
1 amps. 

Current supplied by the gcncralor>="250— I 
pd across battery —550 —(250—1) T =525— ’021 
or 550-25H--n =525-'02I 

1 = 0 . 

p.d. across battery =-5'5V. Am, 

(c) Here load currcnt=750 amp. 
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If the battery supplies I amps, to the load the p.d, across 
the battery 

=550-(750~I) X -1 =525-‘02 I 

or 550-75+-1 I =525--02 1 
•121 =50 

I =416 amps, 

p.d. across battery =525- — ‘02x416 

=516'68 volts. A71S. 


Example 17. The voltage between the conductors of a 
two wire system is 220 volts. An insulation test on the live con- 


(a) 


{b) 




IFig. 11 


ductors is made using a voltmeter of 25,000 ohms resistance. 
The voltage between positive mam and earth is 40 volts and 
loetween negative mam and earth is 20 volts. Find the insula- 
tion resistance of each cable to earth. 


Let Ri=Insulation Resistance to earth of positive side. 


W I 1 +I 2 
40 

3) 

= 13 

r 40 ^ 

ll 

i ^ 

00 
: 0 

55 ?5 

2 

„ negative side. 

f 2 _ 9 . 

Ri 

(S) Test on 
20 

' 25UOO Ra 
negative cable 
, 20 __200 

Ri’ 

1 

^ 25000 R, 

Ra 

' 25000 

Ri 

Rs" 

^25000 

2 

9 

2 



Ri 

Ra 

25000 



10 

45 

10 

„ 1 , 

1 

Ri 

Rs 

25000 

Ra 

25000 
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44 _ 11 
R„ 25000 

Rjj =100000 olinis>. Ans, 

2 _ 9 2 _ 1 

lOOOOO"' 25000 1 00000 

Ri =200000 ohm'.. 

Example 18. A galvaiiomelci of 25 ohms leblstaiicc is con- 
nected in sciies with a hattcry of 15 ohms, icsistanco. Compaie 
the currents passing tluough tlie galvanometer bcfoie and after 
ashunt eciual in lesistance to that of the galvanometer is connec- 
ted across the galvanometer. 

Suppose Buttery cnif. ~e. 


Cuiicnt in the first tasc= 


15-t-25 40 


r A 


In the second case the resistance of tire giilvanomctei and 

05 

shunt in parallel = “ -=]2'5 oliiiis. 


Cuucnt in the circuit 


p 

'“ 15 - 1 - 12 - 5 "’’ 



A 


Curumt m the galvanonieiei is half the' aliovt' value and 

p 

55' 

Currents are. in the ratio * , or 1 1 : fi. 

40 55 


Example 19. The nuiltlplyiag 
Determine (n) 'J'lie joint resistance 
of the galvanomelev and this 
shunt whose resistance is 20 ohms 
(6) The rcsislanee. of the galvano- 
meter. (r) The current in the 
shunt when 2 niilliaiuiis. passes 
through the galvanometer. 

Multiplying power---—- 


ptjwer of a shunt is 40. 



Vi If. Hi 


where G=---Galvantmictcr lesistamc, S“-, Shunt resistance. 
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{a) 


or 

(b) 


^<^=40 

20 

G=780 ohms. 

Combined resistance of galvanometer and shunt =R 
J.__ 1 1 40_ 

R 20 780 

R=-te“= 19'5 ohms. 


(o) Total current =2x40=80 milliamps. 
Current in the shunl=80 — 2=78 m amps. 


Example 20. A moving coil permanent magnet instrument 
needs 20 milliamps for full scale deflection and has a resistance 
of 3 ohms. Find the (a) shunt needed for the instrument to be 
used as an ammeter reading upto 10 amps, (ft) Series resis- 
tance needed for it to be used as a voltmeter reading ui^lo 250 
volts. 


S+G' 


where li= Current in the instrument 

I=Total current 

S= Shunt resistance 

G= Instrument resistance 

^ = 10X -A_ or 
1000 S-t-3 50 S-t-3 

5nos=s+3 


499 


ohms. 


(&) 


or 


If R i.s the total resistance in the circuit 
250 20 


R 

R= 


1000 

250 X 1000 
20 


= 12500 ohms. 


External resistance needed=12500“-3=12497 ohms. 


Example 21. An ammeter reading correctly at 15°C has 
a coil of copper wire with a resistance of 2 ohms at this 
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leniperaturc. The ammeter shunt has a constant resistance of 
•0004 ohm. If a current of 100 amps. Ls flowing in the main 
circuit, what current flows through the ammeter coil. When 
the tempera ture is 60"G what is the percentage error in the 
ammeter i-eacUng. Resistance tempci-ature coeflicient for copper 
=■004. 


Ammeter current at 15°CI 
-0004 

^^''2-U004~ 
Ran „ Ro(l-|-60«) 
Rn(l + 15a) 


50-01 


amp. 


R 


■15 


Ren 


_ 2(l-f60x-004J 

(f-l-TSx-OM) ’ 


Ammeter current at 60°C: 


Error= 


1 


I 

'Bx'Sf 


- ^ 

“TOh 

=2‘34 ohms. 

inOxTOM 

2-3404' 

8-5 

50-01 x58-51 
8-5x100 


58-51 ^ 


50-01 x58-5i 


50-0) 

Percentage error 

=.-14-5%. A?is. 

Example 22. A voltmeter reading upto 100 V. has a 
resistance of 1 2,000 ohms and another voltmeter reading ujjlo 
150 V. has a resistance of 15,000 ohms. If they arc connected 
in series and joined to a 220 V. supply what does eaelt volt- 
meter read. 

220 22 

The current llowing=-^- 5 jj^j 5 ^^ amp. 

Voltmeter No. 1 gives a deflection 100 V when talcing a 

- 100 1 

current of 


Reading on Voltmeter No. 1 = 


JOiO 22 
2700 

120 ' 


== 100 X 120 X 27^0 -97~J- 


volts. 
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Reading on the other valtineter=220 — 97-jr- 


= 122-^volts. 


A llOV. 60 watt lamp is connected in series 

noV,, 0 OWATT ''1 1 10 V. 100 watt 

LAMP lamp and the corabma- 


Example 23. 

n0V,60 WATT 
LAMP 


R 

^ 220 V 

Fig. 13 


tion connected across 
1(20 V. mains. Find the 
resistance which should 
be connected acro.ss the 
first lamp so that each 
lamp may get the pro- 
per current at the pro- 
per voltage. 




Current needed for 100 watt 

)! )l 3J 1^0 » 

Current in resistance R 

R= 


lamp — 
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110 

4 

11 


100 10 


110 

11 

ajnp. 

6 A 

iF^- 



10 

6 

4 . 
11 

11 

11 

110x11 

1210 


4 4 


=302' 5 ohms. Ana, 



CHAPTER V 


POWER AND ENERGY 

5-1. Power and Energy 

Power in -walls. — Volts X Amperes 

...Eq. (5-l«) 

= HR ...Eq. (5-16) 

V® 

=r^ ...Eq. (5-lc) 

And Enei'gy taken in ‘t' .seconds is 

W=VIt=PRi=-^t joules or watts secs-.-Ecj. (5-2) 

A larger and more convenient unit of energy than jcjvile is 
the Board of Trade Unit (B.O.T. Unit). 

1 B.O.T, Unit==l kilowatt-hour 
~ 1 ,000 watts-hour 
=36,00,000 watts-Bccs. 

=3‘6x 10® joule.s ...(*} 

. The B.O.T. Unit is the unit of electrical energy used for 
commercial purposes, being the unit referred to by the public 
in such expre.ssions as ‘electricity at 12 nP. a unit’. Electricity 
supply metres record the consumption of electrical energy in 
kw-hr. or units. 

5-2. (fl) Relation between electrical and Heat units. 

Heat energy is usually measured in calories, O.PI.U. or 
B.Th.U. 

1 B. Th. U.=5/9 G.H.U,=252 calories. 

It has been found exp erimentally that 1 caloric is equiva- 
lent to 4 ’2 joules. 
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kW"li.r. 


3-6 XIO® , . 

= , ^ — calories, 

4-2 

=3414 B.Th.U. ■ 


or =1896 C.H.U. ...{U) 

(6) delation between electrical a nd mecltanieal units t 

746 watts==l h.p. 

1 1 . 

1 h.p. 

, , 1000 , .. , 

I kilowatt— 1 34 h.p. ...(?,«) 


(c) Relation between mecbanical and heat unitit « 

1 kw-hr.=-l‘34 h.p. X 3600 secs. 

=l-34x 550 X 3600 a-lbs. 

Also I kw-hr.=3'6X 10® joules. 

1'34 X 550 X 3600 ft. lbs.==3“6 x 10® joules. 

3-6 X 10" 

A ^“*^‘^'^•“714^550X3600 

=1'356 joxiles. ...(«w) 

Example 1. An electric iron is operated from 225 V 
mains, the p.d. acro.ss the iron being 220 V and the total power 
taken is 900 watts. Find : 


(a) The current flowing (6) Resistance of the iron clement 
(c) Resistance of the connecting leads (d) Power taken by 
the iron (e) Power .spent in the connecting leads. 


(a) Current taken from the supply =225 

__220 
~"4 


(b) Re.s, of the iron element 


=4 amps. 
=55 ohms. 


(c) Volts drops in the leads 


=225—220- 5 volts. 


Resistance of leads 
{d) Power taken by the iron 

(e) Power .spent in the leads 


5 

=-^=T25 ohms. 
4 

=220X4 
=880 watts. 

=5 X 4=20 watts.. 
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Example 2. Aia electric iron taking *5 Kw. on 220 V is 
found to run hotter than desired. A resistance ol'lO ohms, is put 
in series with it to decrease (he loading. («) Hy wiuit percentage 
is the power consumption reduced (6) what percentage of 
reduced power is spent in the added resistance, 


Resistance of the iron 


Resistance of the cotnhination 




220x220 
500 
484 
‘5’ 


484 
" 5 
534 
" 5 


ohm.s. 

ohms. 


, , 220X220X5 

J otaJ power consumed now -- 

= -453 walls. 

Reduction in consumption —500—453 -47 watts, 
J’crccniage reduction in consumption 

47X100 
500 

220x5 

=’’2-06 amps. 


.-.9-2% 


Ciirrenl taken now 


Power spent in the 10 ohms resistance 

«2-062xU)-_=42'5 walls. 


Percentage of reducetl power 


42-5x1(10 
" 453 


-9-4%. 


Example 3. 'Fhe field circuit of a motor has a rcsi.stanee of 
80 ohms, and carric.s a current of 3'5 amps. What is the p.d. 
across the circuit and the irower being spent in it. If the 
circuit ]).d. has a variation of ±6%, calculate llie curi'cnt and 
power .spent in the two extreme case.s. 

p.d. >=80x3'5=r-280 volts. 

Power spent — 280x3‘5~980 watts. 

Ivxl reme values of p.d. — 280rb 


Current in (1) 


-.296'8, 263-2 volts. 
296-8 

— ■~g(j-'=--3-7l amps. 


m-2 

8 () 


■:-3-20 amps. 


ij 


99 


( 2 ) 
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Power in (1) =296‘8x3'71“ll01 watts. 

„ „ (2) =:263'2>;3-29==865 watts. 

Example 4. Assuming 40 kilocalories arc required per hour 
per cubic metiCj find the cost of heating a room continuously 
with energy costing ‘Sd. per KWH. The room is 5 X 4'5 metres 
in plan and 3 metres in height. 

Volume of the room =5 X 4'5 x 3 = 67‘5 cu. metres. 


Heat needed per hour 
KWH used per hour 
Cost per hour 


=40000 X67'5 calories. 
_40000x 67-5 X 4-2 
“ 3600000 ' 

=3-15' -5= [•5757. 


Examples. A heater is required for healing a I'ooni 15'xl5' 
and height of 12'. The nninbcr of changes of air per lioui is 
three. I'he temperature outside the room is 50°P and inside 
60°F. Find the rating of the healer. Assume density of air 
0'08 lb. per cu. ft. and sp. heat='24. 

[h) Find also the cost of energs consumed per month tak- 
ing an 8 hour working day and 24 Working days per month 
with energy at one anna per unit 

Volume of air swe^rt per horn =• 15 X 15 X 12x 3 

=8100 c. ft. 


Weight of air per hour 
Temperature rise 
Heal needed per hour 

PoMer 


=8100 X -08-648 lbs. 
=60-50= 10°F 
= 648 X 10 x -24 B.Th.U. 
= 1 555 X 252 X 4‘2 joules. 

joules per hour 
“ ■ 3600' 


= 457 watts. Am. 


{b) Energy consumed permonth= 


457 X24X8 
1000 


units. 


= 87 units 

Gostpermonth @ -/]/-periinit=R.s. 5/7/-. 

Example 6. If electrical energy for heating purpose, s is 
supplied at 2 annas per unit, find the cost of boiling a quart of 
water in 5 min. and the mean power required. Initial temp, 
of water is 15“C and efficiency of kettle is 92%, 
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One quart =2'5 lbs.=2'5x453'6 
= 1134 grams. 

Heat reqd. =1134x(100— 15) X ^^ 2 “ 

= 104800 calories 

Watts reqd. ---- =1467 watts. 

Cost of energy = X 2= ’244 anna. Ans. 

Example 7. What must be the power of a tin-smelting 
furnace in order to smelt 50 Kg. of tin per hour. Smelting temp, 
of tin=235'’C, Sp.hcat=-055, Latcirl heat of Hquiftcation 13‘3l 
calories per gram. Initial temp, of tin= 1 5'’G and one calorie 
=4-18 joules. 

Heat reciuircd for heating=50000x (235—15) X '055 calories 

Heat for melting =50000x13-31 calorics 

Total heat reqd. per ltour=1270500 calories 

„ , , 1270500 , . 

Heat reepured per see. =- ^600 —353 calories. 

Power needed =— 353 X 4- 18= 1475 watts, Am, 


Example 8. If a glow lamp laiccs 1-5 watts per candle and 
a gas burner gives 3 c.p. per cu. ft. of gas used per hour, what 
must be the price per IJ.O.T. unit so that the cost of electric 
lighting may be the same as that of gas lighting with gas at 
2 sh. 9 d. per 1000 cu. f(. 


3 c.p.' consumes one cu. ft. of gas per hour 
3000 c.p. will consume 1000 c. ft. of gas per hour 
Cost of 3000 candles per hour=2 sh. 9 cl. 

3000 candles consume electrical energy in one hour 


3000x1-5 

Two 


=4-5 KWH. 


=2sh. 9d. 

_ 33x2 _ 22 I . 
9 3 ■ ' 3 ' * 


Ant^. 


Cost of 4-5 ICWH 
Cost per unit 
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Example 9. The load on a llOV generator conhists of 200 
lamps each taking 40 watts and a 10 H.P. motor witlt full load 
efficiency of 85%. Find: 

{a) The generator output in Kw, 

{b) The current taken by the load. 

fc) The H.P. of the diiving engine if the elficleitc.y of tl\e 
generator is 87%. 


K. Watts consTimed by lamps 
„ ,, motor 


200 x40 

1000 

10x746 

1000 


8 Kw. 

X ---8-77 Kw. 

OJ 


Total generator output =8-p8-77 = 16‘77 Kw. 

ri * . 1 1 .1 1 1 16‘77 1 1000 

Current taken by the load - 152‘5A 


Engine H.P, 


-1 6- 77 


, 1000 ,, 100 

746 87 


-25-8 H.P. Am. 


Example 10. A hoist rais('.s a weight of 15 cwl. to n height 
of 400 ft. in 2 min. Find the FI.P. of the motor rcquiied to diive 
the hoist assuming the hoist ediciency to ))c 75"(, and cnlrulate 
the work done. 


(6) The motor is connected to 220 V supply and lias an 
Calculate the current taken from the line. 

= 1 5 X 1 1 2 X 400 - 672000 ft. lbs. 


efficiency of 87% 


Work done = 

Motoi H.P. 

Watts input to motor - 
Current taken fioin the line 


672000 




33000x2 
13-6x746 X 


100 

~75' 

100 ^ 

'87 


13-6x746 100 

'220 87" 


-13-6 II.P, 


-52 amps. 
Ayis. 


Example 11. A motor drives a pump and lakes 20 Kw. 
from the supply. The efficiency of the motor is 88% and tliat of 
the pump 85%. Find how many gallons of water aie raised 
per min. to a height of 100 feet and the cost of running the set 
for 24 hours if energy for power purposes is supplied at one 
anna per unit. 
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Motor Iiijnit —20 Kw. 

Useful work clone itj ruisin;tr the water 

- 20X'8Hx'85=-M4-95 Kw. 

Foot ibs. of work done per jnhi. 

14 05X1000X60 

I . - 660000 

[I '36 Joule = one ft, lb.] 
Weight of walei raised jw-r min. 6600 lbs, 

“=660 gallons. 

lineigv <;<nisnined in 24 homs 

-=20x24 -.480 units. 

480 


CinuL ])(‘i day 


16 


-lls. MO. 


Example 12. A gcme/aloj feeds a 100 U, P. 500V D. C. 
motor situated 800 yds. away. 4’lie motor ellieiency at full load 
is 91% undci which ronditioiis live gennator is found to be 
sujoplying 90 KW. Find the voltage of the geneiator and the 
weight of eopiver in llifi line. 

A cubic in. of cojipc'i weighs *318 lb. 

Spcciiie t(:.sisUnee of copper -=’()6 . 10' '* oluu per in. cube. 


Mcjlor Injviil 
Cluiicnt 


100 '746x100 
'■ *1000x91 
82000 
' 500 


=82 Kw. 


==■164 amps. 


Uenorator Volts >; 1 64 

1000 


■=90 


Cjenerator Voltage 


90x1000 
164 ’ 


548-9 volts. Atus. 


Drop of voltage in tlvc line ■=548;9 ~500-==48-9 volts. 

48-9 


Resistance of the line 


164 


-298 olnn. 


If a is the cross-sectional area of the, roivtUiclor we have ; 

,800x36x2 

f/ 


■298:=*66; 10 “x' 
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Weight=ax^X*318 lbs. 


^ -66 X1Q- ”X 80 0x 36x2 
•298 ' 

=2340 lbs. Ans. 


Xl600x36X'318 


Example 13. An electric battery vehicle weighs 4 tons fully 
loaded and has a tractive resistance on the level of 65 lbs. per 
ton. Calculate the output of the lialtery when the vehicle is 
running, (a) At 1 6 miles per hour on the level, (h) Uji a 
1 in 30 incline at 8 miles per hour. Take the motor elliciency 
as 80% in each case, (c) Find also the battery capacity in 
watt hours to enaldc a run of 25 miles to be made on level 
roads with a single charge. 


(a) Total tractive resistance=65x4=260 lbs. 


H.P. output of motor 


Battery output Kw. 


^16XJ7^0X3 ,,260 
"60X60 550 

^3_2x26 

75 

^32x26,, 100 „_746 
" 75 80 "lOOT) 

==10'34 Kw. 


(h) Distance run per sec. at 8 miles an hour 


8x1760x3^ 176 
60x60 '15 


Work done per sec. in raising the car up the incline 

3 Q-X 4x2240 a. lbs. 

Kw. output of battery needed for raising the car 

= B^'3()X''x2™X550 

x'«»x.746 

=5'95 Kw. 


. Kw. output of battery to run the car on the level at 8 
miles per hour =-^^"^=5-17 
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Total Kw. reqd. =5T7+5‘95~11T2 Kw. 

25 

(c) I’imc lor 25 miles run on the level — . , hours. 


Battery capacity requircd=l0'34 XlOOO 

— 16130 wall, hours. Ans, 

Example 14. A train ol' 60 coal tubs each weighing 16 cwl. 
is hauled up an incline of 1 in 22 at a speed of 3 miles an hour 
by an electric locomotive. If the tractive resistance is 30 Ib.s. 
per ton and the overall cllicicncy of the motor and gearing is 
60% find the current taken from the 500 V trolley line. 


Weight of coal Lulls 


60x 16 


411 tons. 


Resistance to traction ,-48x30 1440 lbs. 

3 miles per hour - 264 ft. per min. 

Pull needed for raising the ear up the slope 

- =4887-3 Ihs. 


Total pull nccdcil 


H.P. input to motor 


Clurrcnt 


1 440-1 ■4S87-3 
-6327-3 lbs. 

6327-3 X 264 
33000 '' 60’ 


-.84-5 I-T.]’. 
84-5 X 746 


= 126 amps, .'In.s, 


Example 15. An electric lift raises a load of 3 tons to a 
height of 150 ft. The cage wciglts lialf a ton and the balance 
weight 2 ions and the time taken for either an up or downwaril 
journey is one minute. Calculate the currenL taken by the 
440 V motor running the cage and the daily eosl of energy at 
one anna per unit if the lift makes 100 double journey, s a day. 
The efficiency of the installation under these conditions is 60% . 

(a) When the cage move.s up the •weight of llio cage and 
the load is 3| tons, the balance rvciglit of 2 tmis moves down- 
wards. 
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So the weight moving up-- 3-^ 2~i~ ton. 

(fi) When the empty cage of ton moves downward 
balance weight of 2 toi|s moves upwards. 


So tlie weight moving np 2 — ~ ~ 


I 

^ tons. 


Work done per min. 
Input per min. 


Current 


= I-5x2240xI5() ft. lbs. 

- 1 -5 X 2240 X 1 50 X ft. lbs 
oU 

_] -5x2240x150 100 746 

33000 ^'60 ''•440 


tl 


- 43 Amp. 

B.O.T. units consumed in 100 double, journeys 


43x440 200 
1000 '60 
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DIRECT-CURRENT CIRCtriTS 
KiRCHOFF’S LAWS— BASIC THEOREMS 

6-1. Electric' circuits tluit arc mure c<un[>lcx than those 
considered in the previous chapter, and particularly tJiosc which 
contain more than one source <jf end'., are solved readily hy the 
application of Laws and theorems that relate to the several 
currents, emf.’.s and resistance voltages in such circuits. Some 
such important laws and thecn-ems have been explained below, 

1, Kirchoff’s Laws. Tlie two laws o.re : 

(а) In any network of conductors, carrying currents, llu; 
algebraic, sum of ctu'rcnt.s at any itoint is zero. 

(б) The algebraic sum of all changes of pressure round any 
closed me.sh Is 7,cro. 

Application 

(ffl) Assume the values of currents ami their directions in 
some branches of the network as li, lu etc. ''I'he currents in 
other branches can then be found out by the first law. For 
example, consider the circuit of I'lx. 1 . f.,e1 currents in AB, 
and CD be Ij, and Ig respectively in llie directions shown hy 
arrow heads in* the diagram. Then considering point x, 
the current in liE, according to tlie lirsL law, would be 
Ii+Ia in direction F to JJ. 

It may be pointed out Itere that the choice of the current 
directions is only arbitrary and may or may not be correct ; an 
incorrectly assumed current cUreclion will merely yield a 
negative answer for the cpiantily although the numerical result 
will l:)e correct. 

(h) After having assumed currents, go around each mesh 
to find the drops of voltage or rises of voltage <lue to re.sl.stiince 
drops or e.in.f’s In the circuit. If we move in the direction of 
the How of the current there is a fall of voltage and if we nutve 
in the direction against the current How there is rise of pressure. 
On equaling rise of voltage to fall of voltage we will get an 
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equation for each mesh and the solution of such equations will 
give the values and directions of the currents, Ig etc. 

Care should be taken to go round all the meshes in the 
same directions clockwise or anticlockwise. 

2. Thevenin’s' theorem : 



Fig. H(a) 



1 ) 

Fig. 14 (ii) 



Fig. 14(c) 

Statement 

If a resistance R ohms is connected across points C and D 
in a network as shown in Fig. 14(ff) the current flowing through 
R will be 


I 


R 

R+R' 


where E'=p.d. across points G and D with R opened out [Fig. 
14(6)]. 
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R' =Resistance of the circuit measured across G and D 
with R opened out, and source of e.mf. replaced by its 
internal resistance (or a wire of negligible resistance if internal 
resistance is zero) [see Fig. 14(c)]. 


3. Superposition Theorem : 

In a network energized by two or more sources of e.m.f.j 
the current in any resistor, is equal to the algebraic sum of the 
separate currents in that resistor, assuming that each source of 
c.rn.f., acting independently of the others, is applied separately 
in turn while the others are replaced by their respective internal 
resistances (which, if zero, would mean short-circuiting tire two 
points.) 


6-2. Delta system of »*esistances replaced by star 
system and vice vami. 

Sometimes resistors are connected to form very complex 
networks ; so thtit the common rules applicable to simple series 
and parallel circuits cannot be used for the calculation of 
equivalent resistances, branch currents and voltage drops. Under 
such conditions it is generally necessary to transform trll or 
parts of complex circuits into electrically equivalent circuits 
much simpler. 


Two elemental arrangements of resistors within and parts 
of larger networks that are frequently responsible for the dilTi- 


1 



oe/ rA CONNhCTFO 
RtAtSi JQRS 



STAR coNNfcrro 
RESISTORS 


1%. ir>{h) 

culties indicated, are Della ( connected resistors and Star {K) 
conrrcctcd resistors ; star and della comrcclions of re.sistovs are 
shown above. The transformation of a delta into an equivalent 
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Star or of a siar into an cqviivalenl delta may render a circuit 
simpler to handle. Expressions useful for such conversions arc 
given below : 

Equivalent stai' resistances for Fig. 15((i') are : 

.p Ria X R31 

“ SR,, " 

p R »3 X Rt2 

2R„ 

p R 31 ^ R 23 

“ SR„ 

Where 2 R„ =^Rj2+Rg,+R9i 

Equivalent Delta system for star system of l^ig. 15(/j) is ; 

R _ 2R„ 

R.. =-?«- 

Ri 

Rai 

' Rc 

Wheie S R,, -RiRa+R^ R^-hRa Ri 


Example 1. A battery of 10 V and internal resistance '5 
ohm is connected in parallel with one of 12 V and internal 


/ol' 5 SI 



„ vvvvvvv— • 

a ZQOHMS //+/2 F 

Fig. 10 


resistance ‘8 ohm. The terminals are connected by an external 
resistance of 20 ohms. Find the current in each branch. 
Assume the currents and Ig as shown. 

The current in the path FE=Ii+l 2 . 
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Take Mesh No. I. If we travel clockwise round this 
mesh starting from point A we have 

Drop of voltage in AB due to IR=‘5 

Rise of voltage in CD „ „ „ =‘8 Ij 

The 10 V emf. is a rise and the 12 V emf. is a drop. 

Equating rise of voltage and fall of voltage 
•5 Ii+12==-8 I 3 +IO 

or -5 Ii~-8 l2=-2“ ...(1) 

For mesh No. 2 DGFE, starting from point D 
•8 l2+20(Ii+I,) = 12 

or 20 Ii-h 20-8 12=12 .,.(2) 

(1) X40 20 Ii-32Ij=-80 ...(3) 

(2) -(3) 52-8 12-92 

12—1-742 amps. 

Substitute tlic value of I 2 in (1) 

-5 li- -8x1 -742= -2 

Ii= — 1-2128 amp.s. 
amp. 

■—VC value of indicates that the actual direction of How 
of Ii is opposite to that as.sumed. We can also say that battery 
1 is discharging and liattcry 2 is being chaiged. 

Example 2. 12 primary cells each having an craf. of 

1'5V and internal resistance -25 ohm arc connected 6 in scries 
and 2 such low.s in parallel. The external circuit is closed 
through a lesislancc of -5 ohm. 

[a) Find the total current and the current per branch. 

[b) If one cell frimi one of the branches i.s removed what 
is the value of these currents. 

[c) Find the value of the circulating current when the ex- 
ternal rc.sistance is disconnected with the eleven cells .arranged 
as in (b). 

(ft) Resistance of each path - -6 X '25— -I'S D 

Emf. of each path ■:r-9V 

Resistance of the two paths in p.iralh'l 

1-5 

■2" 


•75 U 
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, . 9 „ 

vjuiiciil ill Lilc cjtLciiiai iciiiiiiiicc — ‘75 I '5 — / A 

7‘2 

Current per path =-^ = 3'6 amps. Ans. 



(b) Assume currents Ij, Ij flowing as shown in the figure. 
Current in the ‘5 ohm. resistance ==Ij+l 2 


Mesh (1) 
or 

Mesh (2) 
or 

(2)X3 

Add (1) and (3) 
Substitute in ( 1 ) 


1-5 Ii+ 7-5=1-25 Ia+9 
1-25 I2~r5 1i=-1’5 ..(1) 

1-25 l3-{--5(Ii+I,)=7-5 

1-75 Ia4-5 Ii= 7-5 ...(2) 

5-25 I 2 + 1-5 Ii- 22-5 ...(3) 

6-5 12=21 

12=3 23 amps. 

1 •25x3-23 -1-5 

1-5 Ii=5-54 


Ii=3'69 amps. 

Ii4-Io=3 69d-3'23=6'92 amps. Ans. 
(c) Resultant cmf. in the circuit =9— 7’5==1’5V 

Total resistance in „ „ =1 '5-1-1 *25 =2i75£2 


1 - 5 

2- 75 


='54 


amp. 


Ans, 


Circulating current 
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• * ** « 
Exajoaple 3. A battery of 50 cells in series each having an 

emf. of 2 V and internal rcsisISance 001 ohm is connected in 
parallel with a battery of 45 similar cells in series with a resis- 
tance of '18 ohm. The terminals are connected by an external 
resistance of 1'2 ohm Find the current in each branch. 

Emf. of 1st battery =50 X 2= 100 V 

Internal res. of 1st battery —'05 ohm. 

Emf. of 2nd battery =45 X 2=90 V 

Internal res of 2nd battery ='045 ohm. 


JCOl'-OSifL 



Fig. 18 

Mesh ( 1 ) 

■05 Ii+90=100 h-225 ly 
■05 I,--225 Ii,=10 ...(1) 

or 

Mesh (2) 

■225 l2-|-h2{Ii4-l8)=90 

or 1-2 Ii-f- 1-425 12=90 ..,(2) 

(1)X24 I ^2 Ii- 5-4 12=240 ...(3) 

(2j-(l) 6^825 l2=-150 

Ia=— 22 amp. 

or 22 amp. is charging current through the 90 V battery. 
Substituting in (1) 

■05Ii--225x-(22)=IO 
■05 Ii=5-05 

Ii=101 amp., 

is the discharge from 10 V. battery. 
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Example 4. A battery having an emf. of I lOV and internal i 
resistance ' 20 , is connected in parallel with another battery of 


/WV, BSh 



Fie. 10 

emf. lOOV and internal resistance •25£2. The two batteries 
in parallel are placed in series with a regulating resistance of 
5 ohms, and connected to 200 V mains. Fmd the value and 
direction of current in each battery and the total current taken 
from the supply. 

•2 Ii--25 12 + 110-100=0 


or 

•2 Ii--25l2+10=0 

(1) 


•25 l3+5{li+l2) + 100=200 


or 

5 I 1+5 25 l2-100=0 

.. (2) 

(1)X25 

5 Ij.-6 25 13+250=0 

. (3) 

(3) -(2) 

- 11-5 12+350=0 



I 2 — =30'4 amp. 

Substituting in (1) 

•2 Ii- •25x30-4+ 10=0 

Ii=-12A 

Ii+l2=30-4-l2=18-4A. 

12 amps, discharge from llOV battery, 30'4 amps, 
charge through 100 V battery and 18’4 amps, taken from the 
line. 

Example 5. Five resistances AB, BG, CD, DA, and BD of 
2 , 4, 5, 6 and 8 ohms, are connected as shown and the pointy 
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A and C are connected to a ccU of emf. one volt. The total 
res- of the path AEG is 10 ohms. Find the cunents in the 
varioii.s branches of the network. 



Assume cunents I[, Ij, I 3 in branches AB, BC and CEA 
as shown. The currents in other Irranches are obtained from 
KircholT’s first law. 

There are no cinfs. in Mesh (1) and (2) and wc have 

2Ii+8(I,-l3)+6(E-l3)=0 

4 IH-Sda-Ia) = 8 (Ii~Ia) 
6(Ii-In)+5(l3-l3) + l -10 13 


These equations can be written as : 



8 Ii~4 I2— 3 I3=r0 

.,.(1) 


-8 I1+I7 I2-5I3=0 

...(2) 


-6 I1-5 Ia+21 13:= 1 

...(3) 

Add (1 ) and (2) 



13 I3-8 13=0 

...(4) 

{1)X3 

24 I1-I2 I2-9I3=0 


(3)X4 

-24 Ii-20 Ia+84 13=4 


Adding 

— 32 1 q ~ 1-75 13=4 

...(5) 
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From (4) 

I -At 

I2- ,3 la 

Substitute in (5) 

- 32 x j3 I3+75 I3 =4 

13 = '0725 amp. 

From (4) 

13 Ia==8x-0725='58 
l2=‘0446 amp. 

From (I) 

8 Ii =4 I3+3 I3 

=4X'0446+3x-0725 

=•3959 


Ii=’0495 amp. 

Ii-l3='0495— 0725= --•023 amp. 

13-13= -0446 --0725 =--0279 amp. 

Ii— 12=^0495— •0446=’0049 amp. Ans, 

Example 6. Find the value of R and the current flowing 
through it in the network shown wlien cuncnl is pero in the 

branch OA. 

As no curicnt is 
flowing in OAthe points 
O and A are at the 
same irotential : 

If Ij is the cur- 
rent in branch BA it is 
also the current in AO. 

Also Ig is cunent 
‘2 in BO and OG. 

B-ig. 21 lXli=4Ia 



and F5 Ii=Rl2 
R=6 ohms. 
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In Mesh BOGE 

IOI 2+2 11+212=10 

10 Ia+8 I 2+2 l2=10 

l2=‘5 amp. 

Cunent through R=’5 amp. Ans, 


Example 7. A simple potentiometer consists of a wire of 
resistance 20 ohms, acioss which a battery of 4 volts is connected. 
A test cell of voltage 
1 ‘5 in series with a pro- 
tecting resistance of 15 
ohms is tapped acioss 
the potentiometer and 
balance is obtained. 

Find the current 
flowing through the 
test cell when the bal- 
ance is distmbcd by 
moving the tapping key 
a distance along the 


( 

ISjL 

1 — Wt- 

3 5-0. 

II 5 (1 

®1 

1 

1 

1 


aV 


rij,'. 


wire towaids the negative side equal to one ohm. 

Resistance on llie potentiometer lictwccn the test cell when 
balance is obtainccl=R. 


U 

4 " 


R 

20 


R= 


20x1-5 

4 


=7-5 a. 


When tapping key is moved on the wire on the negative 
side equal to one ohm the res. under the test cell ==8-5 ohm. 

Res. outside the test cell =11-5 ohms. 

15a:+8*5(a:— ?/)+l-5=0 


or 

23'5a;— 8-5y+l-5=0 

8-5(2/-a;) + Il-52/=4 

...(1) 


-8'5a;+20i'=4 

...(2) 

ms.. S-5 

8 5x8-5 


(2)X -2Q 

_ -~g~ai+8-5y=l-7 

...(3) 

(2)+(3) 

19-89.r + l 5 = 1-7 
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10 wia appiox. Ans. 

Example 8. Find curient in each bianch in the network 
shown and p d. between points O'G' and between points B'G' 
Neglect resistance of batteries. 


A a' 



Assume Ii, la as shown. 


Mesh (1) 

10Ii+10(Ii-Ia)+28 = 110 

-(1) 

Mesh (2) 

lOdi-Lj) f 28+128=10 la 

■■■(2) 


-10 I 2 + 2 O lx=82 

...(I) 


20 I 2 — 10Ii=156 

...(2) 

( 13 X 2 

-20 I 2 + 4 O Ii=164 

...(3) 

(2) + (3) 

30 Ii=320 



Ii=10’66 amps. 


Substitute in (2) 

20 12-10x10-66=156 

Ig=13’13 amps. 

p.d. between O'G' =10x 12=131-3 V. 

,, „ B'G' =p.d. between BG 

=128+28=156 V. Ans. 

Example 9. Find the currents in the various branches 
in the network shown. 
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Fig. 24 


5Ii-2Ia-I0(T,-l3) = 0 

...(I) 

3(Ii+l3-l3) + 10{l3~l3)-6 I 3 -O 

...( 2 ) 

2 Ia-t -6 I,,= l. 

...(3) 

Rewrite the equations : — 


5 Ii-12l2-fl0 13=0 

...d) 

3Ii-M3 I 3 - 19 13=0 

...( 2 ) 

2 Ia + 6 I 3 -IO 

...(3) 

(2) x-|- 5 I, +21 ^ Is- 31 - 3 - lj=0 

...(4> 


(1) _(4) _33A I 3 -O 



Substitute in (3) 

2 X -^13+6 l3=10 

I 3 =ili 79 amps. 

Substitute in (3) 

2Ia+6xM79 = 10 

Ta== 1*463 amps. 
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Substitute in (1) 

5 Ii-12xl-^63+10x 1-179=0 

5 Ii=17-556-ll-79=5'766 

1-153 amps. Am. 

Example 10. In the network shown find the currents in 
the various branches . 


5S1. 



Assume currents Ij, I 2 , Ij, I 4 , I 5 flbwing in the meshes as 
shown. 

Meshaftc/ 20 (Ii-Ia)= ICO 

Ii-Is-5 ...( 1 ) 

Meshfehg 20 (l 2 -Ij) + 6 (l 3 -l 3 ) = -40 
-100+6 (12-13) = -40 

13 - 13=10 ...( 2 ) 

Mesh efghcdJcle 

I5I3+6 (l 3 -l 2)+7 (l3-I,) = 80 
15 13-60+7 I,-? Ia=80 

22 13-7 1,1=140 .,.(3) 

Meshfcdel 7^I^_I3)=„70 

13 - 14=10 ...(4) 

Substitute in (3) 

15 I 3+7 (l 3 -I,) = 140 
15 13+70=140 
15 18=70 
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In the network find p.d. across -i' and y. 

2 

Cnrrent — ■4A in the direction shown 

D 

T 1__-5A 

l2"“ ^ »> 

Point a; is at a potential lower than A by 3 X ■4=P2 V 
Point B is at a potential highei than A by 4 V 
Point y is at a potential lower than B l^y 3 X '5 =1'5 V 
p.d. between points a- and y 

= l-2+4-l-5=3-7 V. 

Example 12. Calculate the current in the liranch XY in 
the circuit shown by Thevmin’s theorem. 


20 V — 

L.. 

/I 


Ihg. 28 


With terminals XY open, the current inloopABGD will be 
. 20 


Under this condition the voltage drop across 112 resistor would 
20 

be — X 1 volts, 

the potential difference across points X axtd Y 
E'=20 Y. 


To find R', we should imagine the battery as liaving been 
removed and terminals A and B short circuited. In that case 
the equivalent resistance of the network across X Y (3^ resis- 
tor still opened) would be 
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Current flowing through 3Q resistor would be 

120 

7 


120 


X- 


3+- 


27 


40 . 

= — ^ amps. Ans. 


A 

|2V 

B 

• 

+1'- 






\^OSl 

$ 


Example 13. Find the current in the ammeter in the net- 
work shown by Thevenin’s 
theorem : 

With load terminals AC 
open, the current in loop 
ABCD will be 

Under this condition 
drop of voltage along DC 

6 24 

^ioox-i-j5=-^v 

=4 8 V. 


25SI 


Fig. 20 


If point A is assumed to be at zero potential, iroint C will be 
at a 4— 4'8 «.e., —•8 volts potential. 

Point A is at a higher potential than G by ’8 volts, so 
current Would flow from A to G 


E'=-8 Volts. 

R'=-^^^--=20 D 

125 

Current through ammeter would be 
10 + 20 ' 


30 

_8 

'300' 


arrrp. A na. 
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Example 14. Find current in the branch FG in the 
network shown below by Thevenin’s theorem : 



iPig. 30 

AF 


With the load terminals FG 
open, the current in branch 
ABGD and similarly in AFED 

would be arap. = l’25A. 

drop of voltage in ABC 
= 1-25x5 
=6-25V 

And drop of voltage in 
1*25 X 2=2-5 V 


Evidently point F is at a higher potential by 6-25->.2‘5 
i.e., 3-75 V 

E'=3-75 V. 

To find R' across F and C, let the source of e.m.f, 
be considered as absent and points AD short-circuited as 
below. 

Across points GA there are two 
resistances of 5Q and 3Q in parallel. 

Similarly across FA, two resis- 
tances in II are 2Q and 6Q. 


R'= 


5x3 , 6x2 


5+3 6+2‘ 

27 

8 


J5_+J1_2 
8 8 ' 



Fig. 31 

Current through Rdsistor lOQ would be from F to G 
27 

107 

30-00 30 


107" lOT 


A* Ans. 


and 
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Example 15. Find current through the galvanometer 
when connected a cross BD by Thcvenin’s theorem. Galvano- 
meter resistance is 50 ohms. 


With load terminals BD ojoen, the currents in branches ABC 
and ADG will be as calculated below : 


Resistance of paths ABC and ADG 
in parallel 

30x45 


B 


30-1-45 


= 180. 


Current in the cell = 


18-f-5 
2 . 


18 - 5 "' 

2 45 

Current in ABC = X“yjA 



C 


And Current in branch ADC 
.'. Drop of volts from A to B 




18-5 75 


= 10 X 


V 18-5 ■ 75^ 


=iiv 

18-5 


And drop of volts from A to D = 20x „ X-^') 

' \ 18*5 75/ 


=-16 ^ 
18-5 


Point B is at higher potential and 


^'=1^5^ 


To find R'j let us consider the cell as having been remov- 
ed and the terminals ,A and G short circuited with '50 resi.s- 
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tance as shown below : 

The delta ADC can be resolved into star as shown by the 
dotted construction : 



■45'5 


OC= 


25x20 
5- 

25 X -5 12-5 


OD= — _ ^0 
^ 25 +20+ '5 45'5^^ 


45-5 45-5 

20X-5 10 

OA = ^ c-r 

45-5 45-5 

Now BA and AO are in seiies and 


= 10 + 


_10 

45-5 


12-5 922-5 


AndBGO= 20+^^^= 


45 5 


BO= 


465 922-5 
45-5^ 45-5 


465 + 922-5 
45-5'' 


^ /465x922-5\ 

45 5U65 +922-5/ 

BD==BO+OD in series 


R'= 


I M65x 922-5 
45-5V 1387-5 



17-812. 


Current through galvanometer is 
4 

^5_ 

■^ 17-8 + 50 
4 

18-5x67-8 
= -00317 amps. 
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Example. 16. Find resistance between points A and B in 


the circuit shown. 

The network is made of 
2 sets of star connected i esis- 
tances plus a resistance of 8 
ohms across B and e. The 
star connected resistances are 
re-arranged below. 





Fig. 36 

To convert them into equivalent delta resistances 
1st Star 2nd Star 


SRo = 30+15+18 = 

Rah = - 3 - = 21 f 2 

Rse =-|-= 10-50 

ReA = -^^^- = 12-60 


63 


SRo= 16+20+20=56 

Rab = --f =11-20 
5 

Rne = =140 

4 

Re A = 140 


So the circuit reduces to delta form with 

Two resistances in poraUel between A and e 

» 11 1) jj >> j) 1^ 

and 3 » ’ ?) >j » B „ e 

Equivalent of Rca of the 1st star and Rsa of the 2iid star 

R«A = =6'63 ohms. 

/O'O 
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Equivalent of Rab of the 1st star and Rab of the 2nd star 

^ 21 Xll-2 c 1 o j 

Rab — — 2 ^ 2 — = ' d of the 2nd star 

Equivalent of all the resistances between points B and e. 


R^e "" 8 '^2r 14 ~24 

24 

Rse =-y = 3'43 ohms. 


Total Rab 


7-3x(6-63+3-43)_ 73-43 
7-3+6'63+3-43 17-36 


=4-23£l. 


Example 17. A generator and 
are, 129' 6 and 126 volts respectively, 


2 essi s an. 



I2e VOLTS 
ISJt 


a battery whose voltages 
arc connected in parallel, 
through two resistances 
2'85f2 and 2 8Q to deliver 
power to a common load 
of 6 ohms. Using the 
method of supei position, 
calculate the current 
taken by the load. Figure 
re]iresents the wiring did’ 
gram ol' the circuit. 


Let us remove first the battery replacing it by its internal 
resistance. The circuit would then be supplied by the gene- 
rator alone as shown in fig. 37. 


Under these conditions the 
total resistance of the circuit 
would be 

4 V 

=.15+2-85+-J^ 
=0-15+2-85-f 2-4=5-400 



T otal current = 24 amps, 

current through load= 24 X “^q=9'6 A. 
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Again let the dynamo be replaced by its internal resistance. 
The circuit is shown in fig. 

38. - 


The total resistance, 
under this condition 

6x3 


OIS'-Tl 


= l-2+2-8-r-gq::3 

= 4+2=6 ohms. 

And the total current would be 
126 



Pig. 38 


=21 A 


This current would divide itself into two paths. The 

3 

current to the load =21 X-^=7A. 

Total load cunent when supplied both Iry the gene- 
rator and the battery =algebraic sum of individual currents 

= +9‘6+7=]6'6 amps. Ans. 

Example 18. Calculate the voltage ac 2 0 .ss the 35 ohm 
resistor in the network shown below using theorem of super- 
position. 


soV 



40J1 

iSSl 


wst 

— nwA- 

55 SI 


a 

-^loV 


b 



Pig. 39 


tost 

AVWn 


Let us first find the current in the 350 re,sistance, remov- 
ing the 1 0 volt battery and short 
circuiting a and b, circuit would 
be as in fig. 40. 

10 ohms resistance is inparal-i 
lei with the 35 ohms resistance. 

the equivalent of (0 
ohms and 35£2 



_^0x^5_70 

~ 45 ““9^^ 
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70 

Equivalent of 40Q and O which are in series 


I 70 430_ 

=40+-^=-^f2. 


Equivalent o — q— O resistance and 15£1 icsistance, these 


being in parallel 


" 565 

'9' 

430x 15 


565 
20x565 


ohms. 


Ii “ 1 00 tintps. 


1^2 — I oh X 


430x15 

226 J5_ 
129^ J^65 
9 

226x15x9 
- 129x565 

T T 10 

I 3 — I 2 X 

226x15x9 


226 

129 


10 4 , 

— 129X565 X45“43 ""I’- 

Now let us find current in tlie 350 resistance due to the 
lOV battery removing 20V battery- 

Equivalent resistance of 400 

— I and 350 which are in parallel 

s — ^inV 40 X 35 56 


40 - 0 - 


wrL 
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Equivalent resistance of 


. ■ 86„ 

100 in senes 



DIRECT OURBENT OIEOUIT 


69 


86 . 


Equivalent resistance of and 25fi in parallel 


86 

3-X25 


161 




10x161 

=wy5 


Ib=1 


10x161 


25 


86x25 -/86 


(f+25) 


mx3 

' 86 


ampere. 


10X3 ^ 

la_ gg-X75 

8 

= 43 ^""P- 


t 


Superimposing the two currents Ig and lo 
Current flowing thro’ 350 =1(1 '-Is 

4 

=-43 amp. 


Voltage drop acioss 35 O 


=43x35= 


140 
' 43 


volts. 


zov 


40J^. 

■Am\r- 


rssL 


d 


A 


lost. 

-vwv- 


Example 19. Solve Example 1 8 rising Thevenin’s theorem. 

In order to find the current tlu’ough the 350 resistor, let us 
remove it from the circuit. The resulting circuit diagram then 
reduces to as shown in 
fig. 42. 

Now E' i.e., the vol- 
tage across points a, 6 of 
the above circuit, can 
be determined as below : 

Considering mesh 1 , 


tOV^ 

— lifi L ] 


Fig. 42 

15(Ij-y=20i.e.. 31i-3l2=4 


..(i) 
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Considering mesh 2, 

50 lad- 15(12 — Ij^) = 10i.e., ISIa — 312=2 ...(ii) 

Solving^equations (i) and {ii) 

10 12=6 or l2 = '6 amp. 

Voltage drop from c to a=40 ;< 6=24 volts, 


Point c being at -f-20 volts with respect to d, point a is, 
therefore, at —4 volts with respect to point d or point b, 

E'=4 volts, point b being at a higher potential. 

To find R', let us short circuit the soiiices of e in.f., the 
40-n- tosi. ciicuit to diagram is shown in 

fig 43. 

25jL 


T 

>\ 5 SL 


'VW- 




a 


ji 


Pig 4 ‘i 

through the 35 £1 resistor 


Cm rent I that will flow 


~ 8 ^ 35~43 ^ 1 ° a) 


Drop of voltage in this resistor 




volts. 



CHAPTER VII 


MAGNETIC EFFECTS OF ELECTRIC CURRENTS, 
MAGNETIC CIRCUITS AND ELECTROMAGNETS 


7-1. Field in a conductor. 

When a straight conductor cairies a cuiient, it is surroun- 
ded by concentric lines of magnetic foice in the direction 
shown below ; — 




Fig. it 

The magnetic fioid about a wiie 
caifywg ft cunent flowing away 
from the observer (oioas + ahowM 
current flowing away from tho 
obsorvei). 


Tho magiiotio hold about a wire 
ouiiying a nuiient flowing 
toMouda tho obsoivor (dot. 
ehowH curioni flowing towards 
the obamvoi). 


The diiection of the magnetic field about a wire can lie 
easily determined by the Thumb Rule foi wire which stales : 


“If we grasp the wire with 
our right hand, so that the 
thumb points in the direction 
of the current, then the fingers 
will curl in the direction of the 
lines of magnetic force.” Bee 
fig. 45. 



Pig. 45. The K 11. Thumb Rule 
for finding tho direction of field 
in a conductor. 


Strength of field around a conductor carrying current is 



... Eq. (7-1) 


where H=Field strength in lines per sq, cm. 

1= Current in amperes. 

d— Distance from conductor in centimetre. 
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This formula is true where wire is very long as compared 
to the distance d. 

7-2. Field in a Solenoid. 

Unless straight wires carry very large currents, the magnetic 
effects are weak. However, if a conductor is coiled to form a 

solenoid {See fig. 
46) it is possible to 
magnify the mag- 
netic effects of a 
current. 

The direction 
of the magnetic 
field in a solenoid 
fig. 46. R. H, Rule for finding the diceotion can be easily deter- 

of field in a ooil carrying current. mined by the 

Thumb Rule for the coil which states : 



“If we grasp the coil with the right hand so that the fingers 
point in the direction of the current in the coil, the thumb 
would point towards the North pole.” {See fig. 46). 

Note : The fingers should point in the direction of the 
current and not in the direction in which the coil was wound. 

We can also find the direction with the following Rule : 

Looking at the face of the solenoid if the cunent is flowing 
clockwise then that end is South pole and if the current is 
flowing anticlockwise that end is a North pole. 

The field strength inside the solenoid is given by ; 

, _47rNI 

ion 

^5NI 

" t 

= 1‘25 ampere-turns per cm. .. Eq. (7-2) 

where H=Field strength in lines per sq. cm. 

N=Number of turns in the solenoid. 

I=Current in amperes. 

^== Length of the solenoid in ems, 

H is called the magnetizing force. 
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n 


T'Sr Magnetic fields due to currents in ttvo parallel 
conductors. 



Pig. 47. Ciirreiita flowing in the same Fig. 48. Cnrrsnta flowing in 
direction. opposite diraotions. 


When currents are flowing in the same direction the con- 
ductors attract one another, and when the currents are flowing; 
in the opposite directions they repel. 

7-4. Force acting on a conductor. 

Any current carrying conductor when placed in a uniform 
magnetic field experiences a force, 

dynes ...Eq.(7.3> 

where H=rield strength in lines per sq. cm. 

Length of the conductor in cms. 

1= Current in Amperes. 


The direction of the force acting on the conductor can be 
found with the Fleming’s Left Hand Rule which states : 

“Arrange the {f-'ORCC 

first and .second /wi 

fingers and the jCJ ) 

thumb of the left j 

hand mutually at — / 

right angles as in 

Fig. 49. Point the /-^ V .i| o y *FICi D 

first finger in the ^ 

direction of the -y ^ 

field, second finger 

in the direction of ' ' w J 

the current, then the --v , ^^CURRiN7> 

thumb will point 

in the direction of Fig. 40. Left Hond Rule, 

the force on the conductor.” 
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7-5. Magnetic pressure, Mangetomotive force 
(MMF), Reluctance. 


Just as an electric current exists due to the presence of electri- 
cal pressure in the circuit, similarly a magnetic Ilux, 6, exists due 
to the presence of magnetic pressure, or magnetomotive force 
(MMF), F, in the magnetic circuit. Some people measure F in 
.ampere-turns but generally it is given by 

F= 1 '25 X amp-turns. 


In an electrical circuit resistance opposes the flow of 
■current whereas magnetic resistance or Reluctance, R, as it is 
•called, opposes the flow of magnetic flux. 


I length 

AjJ. ~ Cross-sectional Area X permeability 


...Eq.(7-3) 


Permeability (/x) is the term used to express the magnetic 
•conductance of different materials, (x for air is taken as 1. |x for 
iron and steel used in electrical machines has a value as high 
as 2,000 or even more. Permeability is a variable factor and 
changes widely with the flux density. 


7-6. Ohm’s Law for Magnetic Circuit. 

Magnetic flrtx= Magnetomotive Force ^ 
Magnetic Reluctance 


or Magnetic Lines= 


1 '25 a mpere-turns 
reluctance 


'/i— ^ ...Eq. (7-4) 

_ i:25NI 

r 

(xA 

__l-25NIfxA 

' I 


<!> F25NIfx 
A- r- 

or B flux density= 
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Hence- ampere turns needed to produce a given fliix 
density in "a material are 


NI = 


l-25iL 

•SBl 


Kn. r7-5i 


7-7. Magnetisation Curves. 

The permeability and, therefore, the reluctance of a 
material varies very widely with the flux density. The relation 
between the two is generally plotted in the form of curves 
showing the amp. turns per inch or per cm. required to set up 
a given flux density in the material. These curves are Icnown 
as Magnetisation curves and are very usefid in the calculations 
of the magnetic circuit. (A'ee Graph No. 50). 

7-8. Hysteresis. 

Hysteresis is the name given to the ‘flagging” of the flux 
density B in a piece of magnetic material behind the magnetis- 
ing force H. Suppose the magnetising 
force acting on an unmagnetised speci- 
men of iron is increased from zero to 
a certain maximum value in a series 
of steps and corresponding values of 
flux density are measured. On plot- 
ting these points a curve Oa is obtain- 
ed. If now the magnetising force is 
decreased to zero step by step the 
flux density will not decrease along 
the line aO but shall follow the line 
ab. When H has been reduced to 
zero, the iron is still magnetised as 
represented by Ob. Ob is a mea.cure of the residual magnetism 
and to remove this, H should be increased on the negative side 
as represented by Oc. Now increase the value of H on the 
negative side to the same maximum value as was done on the 
positive side, then reduce to zero and then increase it to the 
positive side. This gives a loop abedef called the Hysteresis 
loop. Hysteresis results in loss of power which appears in the 
form of heat. 

It can be shown that the power wasted in this manner 
is proportional to the area of the loop. The shape of the 
hysteresis loop depends on the nature of the iron. 
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For this reason, the iron to be used in alternating current 
machines ar.d in armatures in general, has to be selected with 
proper care as to its hysteresis qualities. Generally standard 
annealed sheet steel or annealed silicon steel is used in trans- 
former cores, armatures, etc. 

The energy lost per c.c. of iron per cycle of magnetisation 
is given by the formula : 

Area of the loop 




ergs. 


Dr. Steinmetz found that when the variation of the flux 
is sinusoidal, the hysteresis loss can be expressed conveniently 
by the formula 

P=:Y]r/B^^ X 10 watts. ...Eq. (7-6} 

where r)== hysteresis constant depending upon the 

material 

volume in c.cs. 

/= cycles per second. 

E = Maximum flux density in lines per sq. 

ma!V ‘ j. ^ 

centimeter. 

7-9. Lifting Force of Electric Magnets. 

B^A 

^iy^ies. Eq.(7-7) 

wheie /=llfLing force in dynes. 

B=lines per sq. cm. in air gap. 

A — area in .sq. cms. 

Expressed in inch units 

•^“72x10“^^^^' Eq.(7-7a) ’ 

where B— lines per sq. inch, air gap. 

A=area in sq. inches. 

Example 1. Calculate the field density («) at the surface 
of (6) 10 cms. away from a long straight isolated conductor "5 
cm. dia. carrying a direct current of 100 amps. 

21 
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„ 2x100 

H=:rx — :7^=80 lines per sq. cm. 
i D X ^ J 


lOx-25 

2x100 

^10x10 


=2 lines per sq. cm. 


Example 2. A wire is bent into a plane square of 1 0 
inches side and a current of 250 amps, is circulated round it. 
Find the magnetic field strength at . 

the centre of the square. 

Field at P due to conductor AB 
= f -3- cos B d 6 

I ^ 

j ^ 

=-j[^sin fla+sin J 

Here 9^ and 6^ are both 45°. 

Field produced at the centre by 
each side of the square B 

L/_L,J-'l_Iv /o 

~ d W2'^V2J~~d^^^ 

Field produced by all the 4 sides of the square 

= 4 X V2 X X -53^2;54" 

= 11'12 lines per sq. cm. 

_ Example 3. A conductor lying perpendicular to a mag- 
netic field of 6,000 lines per sq. cm. is carrying a current of 
20 amps. Find the force acting on the conductor in pounds 
per ft. run. 


dynes. 


6000x12x2-54x20 
X9S1 X453-6 


’825 lb. Ana, 


Example 4. Two parallel conductors carry currents of 

150 amps, and 250 amps, respectively in the same direction 

Find the force between them per foot length if their centres are 
2’ apart. 
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The field produced by the current of 150 amps, at the 
, 2x150 

centre of the other conductor= 

2x150 


~10x2x2-54 

15 

~2‘54 

This field acts on the current of 250 amps, and produces a 
force of repulsion. 

, Un , 15 12X2-54X250 

•^=10 dyncs=-^4X JO - 

=4500 dyne.s= '0101 lb. Ans. 

Example 5. The coil of a moving coil ammeter has 50 
turns and the average fiux density in the air gap is 800 lines 
per sq. cm. The length of the coil side in the air ga}) is 2-5 cms. 
and the mean distance fiom the axis of the coil is one cm. 
Calculate the torque on the coil when it carries a current of 
10 milliamps. 

HZI 

Force on each coil side=-j^xN 

800x2-5 10 , 

~ — 10 X jQQQ^^ 50=100 dynes, 

Torque=100x 1 X 2=200 dyne cm. Ans. 

Example 6. The coil of a permanent magnet moving 
coil voltmeter has 60 turns of wire, an effective length of 3-5 
cms., a breadth of 2 cms. and moves in a field of 900 lines per 
sq. cm. The range of the voltmeter is 0--'300 volts and at full 
scale deflection the control springs exert a torque of '5 gram, 
cm. Calculate the total resistance of the instrument. 

/=900x3'5x Yg dynes per turn. 


Torque 


Resistance 


10 

=900 X 3-5 X 
yuux3 5X jqX ggj 

= ■5 gram cm. 
-5x10x981 
120x3-5x900 
31,0 

30;^X 8400 
109 


1 = 

V 


109 

“8400 


=23100 ohms. Ans. 
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Example 7. An electric motor has 7000 conductors each 
24 cms. long. Two-third of the total number of conductors 
lie under the poles and each carries a current of 10 amps. The 
conductors are so connected that the torque produced by all 
the conductors is in the same direction. The field strength is 
6000 lines per sq. cm. and armature diameter is 40 cms. Find 
the turning moment exerted by the armature in metre kilo- 
grams. 

Total length of conductors under the poles 

= ~ X 7000 X 24 cms. = 11 2000 cm> 


Force produced by all conductors 

= 6000 X 11 2000 X 


10 

10 


=67-2x10^ dynes. 

67-2x10’_^q,„ 
'981X1000“^®^^ 
.. 40 


This force acts on a radius of cms. 


Turning moment=-685'2 x 


20 

100 


=137 Kg. metres. 


Am, 


Example 8, In a 4 pole direct current motor the number 
of conductors on the armature is 180 and tlierc ai'e 2'9 mega- 
lines per pole. What torque will the motor exert when a 
current of 50 amps, flows through each conductor ? 

If d be the dia. of the armature and I its length in cms. 


Average field strength= 


2-9xl0«x4 

irdl 


lines per sq. cm. 


Average force per conductor 

^2;92<10»_X4, 

iFdl ^iO' 

Torque = Force per conductor X Number of conductors X 

radius 


50 , , 

XtkX^ dynes. 


2‘9xl0«x4 50^, d 

TTcfZ ' '^10^ 


dyne cms. 


= I6’95 Kg. metres. Ans. 



so 
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Note. Actually all the conductors are not under the poles 
hut the answer is not affected in any way by that. If the num- 
ber of conductors under the poles is only taken then the field 
strength is proportionately increased. 

Example 9. Determine the reluctance, the MMF, mag- 
netising force and the amp.-turns necessary to produce flux 
densities of (a) 5,000 and (6) 10,000 lines per sq. cm. respectively 
in an iron core with a mean length of magnetic circuit of 
60 cms. and ci'oss- section of 20 sq. cms. Assume that the perme- 
ability has values of 2,500 and 2,000 at the above densities. 


Reluctance 

'(«) 

(6) 

MMF, 


(a) 


Z 

Ap. 


60 


20x2500 

60 _ 

20x2000 


=•0012 


=•0015 


F =Flux X Reluctance 


A(x~ p 


5000x60 

2500 


(b) 


10000x60 

2000 


=300 


Magnetising force H « 

lUo C ' 

(a) 


[A 

•8x120=96 

•8x300=240 


120 _ 
60 ~ 
3W_ 
60 


Amp. turns 

(a) 

ih) 
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Example 10. The magnetic circuit shown is built up of 
iron of square cross-section 2 cm. side. Each air gap is 2 mm. 
wide. The permeability of part A of the circuit is 1000 


and that of part B is 1,200. 
1000 turns and the exciting 
current is one amp. 

Find (a) Reluctance of 
part A. 

(6) Reluctance of part B. 
(c) Reluctance of two air 


Each of the exciting coils has 


/W£/}/V PATH OF 
THE FLUX; 




wm\ 

-ri I 


gaps. 


2 cm 


raf- 


Item 


---22 cm- ■ 

J?ig. C3 




(d) Total reluctance 

(e) The MMF 
(/) Total flux 
(g) Flux density. 

Neglect leakage and fringing. 

The mean flux path is shown in the diagram. 

"Ap 

20 

~4X 1000 

[Length of path of flux in A is 20 eras.] 
40 I 


(a) Reluctance of A 


(6) Reluctance of B 


;sx==txx=’O 083 unit. 


(c) 


(d) 

(e) 


4X1200~120^ 

[Length of path of flux in B is 40 eras.] 
Reluctance of two air gaps 

.1 •(- ' 

= x-— T= 1 unit 

4x1 

Total reluctance =T-|-*0083-|-'005=T133 units 
MMF=1-25NI =1-25x1000x2x1 
=2500 


(/) Total flux 
(gr) Flux density 


, ^ MMF 250 0 
^ Reluctance -1133 
22000 
4 


=22000 


lines 


= 5500 lines per sq. cm. Ana, 
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Example II. An iron ring consists of 35 cm. length of 
10 sq. cm. cross-section, 25 cm. length of 20 sq. cm. cross section 
and 60 cm. length of 25 sq. cm. cross-section. If it is wound 
with 10 turns per cm. length, what current will produce a 
flux of 1 ,80,000 lines ? The values of p at densities 1 8000, 9000 
7,200 are 163, 1,200 and 1,600 respectively. 


NI=-8?i 

P 


amp, 


turns needed ='8x 


•8x 


•8x 


18000 

163 

9000 

1200 

7200 


X 35= 3080 


X 25=150 


X60=2I6 


Total amp. turns 
No of turns 

Current 


1600 
=3446 

= 120x10 = 1200 

3446 

=1200=^ 


Ans, 


Example 12 . A cast iron ring has a cross-section of 4 sq. 
cm. and a length of 20 cms. Calculate the amp. turns required 
to drive a flux of 28,000 lines through the ring. p= 100 

(6) Find tne additional amp. turns required if an air gap 
'5 cm. wide is cut in the ring. 


NI='8x 


28000 20 
X- 


4 100 

=-8x7000x-5=2800. 


= 1120 
Ans. 


27 cm 


(6) NI for air gap 

Example 13. Find the ampere turns required to produce a 
flux of 32,000 lines in the air gap in the magnetic circuit shown. 

Allow a leakage factor 
of 1 T and take p for 
iron to be 1,600 at this 
flux density. The iron 
is of square cross-sec- 
tion of 2 cm. side. 


i2cm 


sem 

Fig. 64: 


Flux 
the gap = 
lines per sq. cm. 


density in 

^^^^-=8000 

4 
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Flux density in the iron = 8000 X 1 '1 = 8800 
Mean length of magnetic circuit of iron 

=25H-10+10+24‘5=69‘5 cms. 


Amp. turns for air gap = '8 X 8000 X '5 
=3200 


Amp. turns for iron 


•8x8800x69'5 

1600 


305 


Total ampere turns =3203+305=3,505. Ans, 


' Example 14. The parallel magnetic circuit shown is a soft 
steel casting. A coil of 600 turns on part L carries a current of 
1‘5 amps. Compute the dux 
in each part. The thickness 
of the casting is 1 ‘5". 

The flux passes through 
the part L of the magnetic 
circuit, divides at & in 2 
equal parts — one part going 
to N and other part to M. 

Then the fluxes from N and 
M meet at G. 

The length of the path 
of the flux aicd = 18''. 

Amp. turns produced 
by the coil = 600 x 1'5=900 



The flux density in all parts of the ’circuit is the same. 

Amp. turns per inch == 5 - =50 

lo 

From the magnetization curve graph the flux density of soft 
steel casting produced by 50 amp. turns per inch is 

=89000 

Flux in part L =89000x3=267000 lines 
Flux in part M or N = 89000 x T5= 133 500 lines. Ana, 
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Example IS. The figure shows the magnetic circuit of a 
2 pole DC machine. The various dimensions are : — 

Length of each cast 
iron pole 4’5 inches, aver- 
age cross-section 16 sq. in. 
Nett area of armature core 
of annealed sheet steel is 10 
sq. in. and average length 
of magnetic path through 
the armature is 3". Length 
of each air gap ‘125 inch 
and area 32 sq. in. Length 
of magnetic path through 
the cast steel frame is 18 
inches and area of cross 
section 9 sq. in. Find the 
amp. turns rec(uired to send 
Fig. 56 a flux of I‘6xl0“ lines 

through the armature, 

Poles 

1-Ay 10“ 

Flux density = — jg — =100,000 lines per sq. in. 

Amp. turns per inch (from graph) =92 

Amp. turns needed =92x9 =828 amp. turns 



Armature 

Flux density 


1-6x10“ 

' 2X10 ' 


= 80,000 lines per sq, in. 


There are 2 parallel magnetic paths through the armature 
and only half the total flux passes through each path. 

Amp. turns per inch (from graph) = 8 
Amp. turns needed =8X3 =24 


Frame 

1-6x10® 

Flux density =-^--^ = 88,000 lines per sq. in. 

Amp. turns per in. (from graph) =50 
Amp. turns =50x18 =900 
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Gap 


Flux density 


1-6X10« 


32 


= 50,000 lines per sq. in. 


Amp. turns for both gaps 


•8 X .50000 
■‘2'54x2-54 
50000 


X '25x2-54 


3-2 


X -25 = 3,890 


Total amp. turns needed 

= 828+24+900+3890 
=5642 amp. turns. A^ls. 

Example 16. Find the flux produced in a cast steel ring 
when 3000 ampere turns are applied to it. The ring has 
a cross-section of 4 sq. in. 
and a mean length of 25 
inches. A gap -12 in. is 
cut in the magnetic circuit 
of the ring and the average 
area of this gap is 5 sq. in. 

The air has a much 
greater reluctance than 
iron and wc assume that 
80% of the amp. turns are 
used up to send the flux 
through the gap. 

Amp. turns for gap 
= 3000 X -8=2 400 

Amp. turns per inch 

=^= 20,000 

Flux density in gap = 

Flux in gap = 

B in Iron = 



= 3 '2 X 20000 = 64,000 lines per sq, in. 

=5 x 64000= 320,000 

3 20000 „„„ ,. 

= — 2 — =80,000 lines per sq. m. 


Amp. turns per in. (from graph) 

=35 

Arnp. turns for Iron =35x25=875 
Total amp. turns =3275. 
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Thus we find that we have assumed too much flux density 
in the gap. The amp. turns needed are 275 more than are 
^ ^ 3275 

available and are available amp. 

turns. The flux can probably be reduced by 8% to get the 
correct ampere turns. 


Flux density in gap =64000 X ‘92—58,800 
Total flux =5x58800=294,000 


Gap amp. turns 
Flux density in Iron 


=2400x -92=2208 

^^ 000^^2300 

4 


i^mp. turns per inch (from graph) 

=30 


Total amp. turns for Iron 

=30X25=750 

•Total amp. turns =2208+750=2958 

This gives the amioerc turns about 1 ‘4% too low. It will 
be sufficiently accurate to increase the flux in this latio. 

Total flux =294000 X 101 '4=298,000 lines, 


Example 17. A horse shoe magnet is formed from a 
wrought iron bar 18 in. long and having a cross-section of 1'5 
sq. in. Exciting coils of 500 turns each are placed on each limb 
and connected in series. Find the exciting current that will 
just hold a load of 225 lbs. assuming that the two air gaps of 
contact are one mm. long each. Take permeability of wrought 
iron as 700 and the reluctance of the magnetic circuit through 
the load as 25% of the reluctance of the horse shoe (excluding 
the air gaps) . 

B®A B®A 

force '^>'”“=8ex981 x453;6"”• 

, B-3345 ^ 7- 

where / is in lbs., A is in sq. cms., B is in lines/sq. cm. 
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Amp. turns (NI) for Iron 


m 


where I is in centimetres. 


NI for gap 

NI for load i'eluctance=^^=148 
Total NI 
Current 


_-8Xll345x(I8x2-54) 

700 

=-8xll345X-2==]820 
59 < 


=593 


=2561 

2561 ^ , 

=jgjjQ=2‘5o amps. Ana. 


Example 18. A circular lifting magnet has the inner 
circular pole of 12" dia. The outer annular pole has the same 
area as the inner one. The mean length of the magnetic path 
is 50" and the permeability of steel is 1000. If it is lifting 
steel plates of negligible reluctance and the plates are separated 
J from the magnet poles, find the amp. turns necessary to 
produce a flux density of 10,00u lines per sq. cm. Find also the 
weight that it can just lift with this flux density. 

Mean length of steel path 

==50x2-54=127 cms. 

NIforIron =-8x^'!?X 127=1016 


Length of air gaps = ^ X 2 X 2-54= 1-27 cm. 

NI for gaps =-8x 10,000 X 1-27 

= 10,150 

Total amp. turns needed 

= 1,016+10,150 
= 11,166 amp. turns 
Weight that it can just lift 

B“A ^ 

=-^ dynes. 

= 1 2® X 6-45 X 2 tt 

871X981 x453-6‘"^ ^ 

' ~S'8 tons. Ana. 



88 


WOSKBD EXAMPLES IN BLEOTBIOAL ENLINBEBING 


Example 19. Two rods of circular cross-section are 
placed end to end inside a solenoid. If the magnetising force 
of the solenoid is 10 units and the area of the coritact of the 
rods is 4 square cm.j calculate the force of attraction between 
the rods in lbs. The permeability of iron is 800. 


Flux density in 


the rods 

= 10X800=8,000 


8000 > 8000x4x7 
“8X22X981 X 453-6 


Am. 


Example 20. In a hysteresis loop showing B plotted 
against H the vertical scale of Bis 1"=2000 lines per sq. cm. 
and the horizontal scale of H is 1*= 10. The area enclosed by 
the loop is 1-75 sq. inches. Find the hystersis loss per cycle 
per c.c. 

One sq. inch represents 

=1600 ergs per c.c. per cycle. 


Loss in the Iron per c.c. per cycle 
= 1600x1-75 
=2800 ergs. Ans. 

Example 21. . The volume of iron in a transformer core 
built of sheet steel laminations is 6000 c.c The maximum flux 
density in the core is 10,000 lines per sq. cm. and the frequency 
is 50 cycles. Find the hysteresis loss in ergs per c.c. per cycle 
and the total power loss in watts. 

Take the value of hysteresis coefficient as '001. 

Hysteresis loss per c.c. per cycle 

=-OOlxl0000i''> = -001 x25-12xl0^ 
=2512 ergs. 

Total power loss in watts 

2512x6000x50 

“ 10 ^ 

=75-36 watts. Ans. 
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Example 22. If the hysteresis loss in ergs per cycle per 
c.c. for 4% silicon steel is 10~^ Bma.i:’- ®, at what rate will the 
temperature of a core made of this material rise when the max, 
flux density is 10,000 lines jicr sq. cm. and frequency 50 cycles 
per sec., the density of steel is 7‘5 and sp. heat '114. The temp, 
rise may be expressed in degrees centigrade per hour assuming 
that there is no loss by radiation etc. 

Let U3 assume 1000 c.c. of steel 
Hysteresis loss in an hour 

= X lOOOQi'® X 1 000 X 60 X 60 X 50 

=25’12X10«X~X10®X18X10* 

10 ® 

ergs. 


=45’2xl0^° ergs. 
=45*2 X 10® Joules. 
= 10*8 X 10® calories 
1/ t=temp. rise per hour we have : — 
7500x'114xi=l0-8xl0» 

10*8 X 10“ 


U 


7500X-114 


= I2*6'’G, Am. 



CHAPTER VIII 

CHEMICAL EFFECTS OF CURRENT 

8-1. Faraday’s two laws of electrolysis are : 

(ff) The amount of an iron liberated and the electrolyte 
decomposed by the passage of electric current is directly pro- 
portional to the quantity of electricity which passes through the 
electrolyte. Thus ifw is the weight of the ion liberated in time t 
ses. when Q_ quantity of electricity passes 
, w is proportional to Q, or I Xi 

or w=Zll, 

where I is the current and Z is called the Electro-chemical 
equivalent of the substance (ion). 

The weight of an ion liberated by unit quantity of electri- 
city is thus the Electro-chemical eciuivalent. This is a weight. 

(6) If the same current flows through several electrolytes 
the weights of the ions liberated are proportional to their 
chemical equivalents. 

Chemical equivalent 

This is a ratio, 

In HgO the valency of Oxygen is 2 and so its Chemical 
equivalent 

Electro-chemical equivalent ( Z) of a substance 

=Z of Hydrogen X chemical equi- 
valent of the substance. 

Z of Hydrogen ='0000104 gram per coulomb. 

8-2. Current efficiency. In the process of electrolysis 
the quantity of a substance liberated is usually slightly less than 
the quantity calculated from the Faraday’s laws. This is due 
to impurities etc. and is accounted for by a factor known, as 
current efficiency. 

^ „ . Actual weight of substance liberated 

Current efficiency = 

’ Calculated weight 

It generally lies between 90 and 98%. 
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8-3. The chief practical applications of electrolysis are the 
extraction of metals from their ores, the refining of metals, the 
manufacture of various chemicals and electroplating, although 
there are other miscellaneous applications. 

8-4. Chemical equivalents and Electro-chemical equiva- 
lents of some elements are given in the table below : 


Element 


Alumininm 

Cadminm 

Chi'Qmium 

Cttloiiim 

Clilonne 

Copper (ouprio) 

Gold 

Hydrocon 
Iron (Foiroufi) 
Lend 

Mernury (ima) 

Magnesium 

Niolcol 

Nitrogen 

Oxygon 

Platinum 

Sliver 

Sodium 

Sulphur 

SulpViur 

Sulphur 

Tin (ous) 

Zinc 


Atomic weight 

Valency 

27-. S 

3 

n2-4 

2 

61-7 

6 

40-18 

2 

3fi 18 

1 

()3-l 

2 

1[)V7 

.3 

I 

1 

i>5 (5 

2 

20.7' a.-) 

2 

198 5 

1 

23'91 

2 

58 3 

2 

14-00 

3 

16-88 

2 

193 3 

6 

107-11 

I 

22-88 

t 

3182 

1 

2 

4 

0 

118-1 

2 

04-0 

3 


Chemical 

Equivalent 

JSlectro-Ohe- 
mical Equi- 
valent mg, 
per coulomb 

0-1 

-0945 

65-2 

■582 

8-62 

-090 

20 00 

•2076 

35-18 

-3673 

31 55 

■329 

66-2,l 

•5708 

] 

■0104 

27'75 

■2890 

I02-C7 

L071C 

198-5 

2 0719 

1 1-97 

•1243 

20-15 

•3043 

4-h7 

•0-385 

7-04 

■0820 

32-22 

•3303 

107-11 

l-llSO 

22-88 

•2387 

15-91 

•1661 

7-95 

•0831 

5-30 

■0553 

59 05 

•6104 

32-45 

•3387 


Element liberated by 1000 ampere-hours 

=Milligram.s per coulomb X7'935 lb.s. 

Thus copper liberated by 1000 amp-hours 
=-329x7'935=2-61 lbs. 

» 

Example 3. I-Iow many coulombs and how many ampere-’ 
hours will be required to deposit J lb. of silver from a solution# 
of silver nitrate. What steady current in amps, will be required 
if the wok is to be done in 4 hours. Take Electro-chemical 
equivalent for silver='00U18. 
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Coulombs needed 
Amp. -hours 
Current required 


,, 453'6 . 

lb. = - ^ — =113 4 grams. 


113-4 


•001118 
101431 
' 3600 


= 101,431 coulombs 


=28'2 amp.-hrs. 


=7 05 amps. 


Example 2. What current will be required to decompose 
1/10 litre of water in 10 hours. What volume of Hydrogen and 
Oxygen would be produced. 

One litre =1000 c.c. 

1 /lO litre =100 c.c.= 100 grams. 

Wt. of Hydrogen set free 

=-g— =11-1 grams. 

If I is the current required then 

Ix -0000104x10x60x60 =11-1 

rx-. Ll-1_ _ 

‘ -0000104x10x60x60 

=29-7 amps. 

One c.c. of Hydrogen weighs -00008988 gram 

Vol. of Hydrogen ^TooMsWs 

= 123,621 c.c. 

Vol. of Oxygen is half the volume of Hydrogen. 

Vol. of Oxygen =61,810 c.c. Ans. 


Example 3. Taking the electro-chemical equivalent of 
■silver as -001118, calculate the current required to deposit a 
coating of silver -1 m.m. thick on a surface of 1000 sq. cm. in 
one hour. 

Density of silver =10-5 

Vol. of silver deposit =1000x-01 = 10 c.c. 

Wt. of silver deposited=105 grams. 
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Current required ^-qo! 118x60x60 
=26 amps. Ans. 

Example 4. Determine the weight of zinc used in a 
Daniell cell in one hour if the total resistance of the circuit i& 
7 ohms. 


Emf. of the Daniell cell 

=1-1 Volts. 

Current flowing amp. 


Atomic weight of zinc is 64'9 and Valency=2 
Chemical equivalent =32'45 
Electro-chemical equivalent 

=•000337 

Wt. of zinc used in one hour 

*000337x3600 
=*191 gram. Ans. 


Example 5. How much caustic soda is produced per 
100 amp. -hours and how much Lead and Mercury (from 
mercurous nitrate). One coulomb evolves '0104 mg. of tly- 
drogen and the atomic weights of Sodium, Lead and Mercury 
are respectively 23, 207, -200. 


Valency of Sodium =1, Ch. equivalent=23 
„ „ Lead =2, „ „ =103-5 

,, „ Mercury =1, „ „ =200 

One coulomb liberates '0104 mg. of Hydrogen 
100 amp. -hours liberate Hydrogen 


•0104x100 x 3600 

“ 1000 


=3*744 grams. 


Sodium liberated =3''744 x23 = 86‘l grams. 

Lead „ =3-744x 103'5=387-5 grams. 

Mercury „ =3'744x200==748-8 grams. 

23 grams of sodium produces 40 grams of NaOH. 
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86' 1 grams of sodium will give 

4»xS6.. 

= 149‘7 grams of NaOH. Am. 

• Example 6. In a copper refining plant 250 cells are 
connected in series and carry a current of 4000 amps. The 
voltage per cell is -25 V. If the plant works 80 hours a week 
find the annual output of copper and energy used in Kwh 
per ton. 

Electro-chemical equivalent of copper 

= ‘329 mg. per coulomb 
E.G.E in lbs. per 1000 amp.-hours 

==-329x7-935=2-61 lbs. per 1000 AH 
Time =52 X 80=41 60 hours 


=JqqqX 4000x41 60 lbs. 


Wt. of copper per cell per year 

2-61 

4000 ^ 

^ , 2 61X4X4160X250 

Total out- put = 2240 

=4847 tons. Ans, 
Voltage across 250 cells 

=250 X -25 =62-5 V. 
Total energy consumed per year 

_«-5x4000. 

1000 

= 1,040,000 units 
1040000 


tons. 


X4160 


Energy used per ton 


4847 


=214 kwh. 


Example 7« How much aluminium would be produced 
from aluminium oxide in a working week of 100 hours in a cell 
carrying an average current of 5000 amps. The current 
■efficiency is 70%. If the voltage of the cell is 6 V. and energy 
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costs d. per unit what would be the energy cost per ton of 

aluminium produced. Electio-chemical equivalent of alumi- 
nium is '0945 mg. per coulomb. 


E.G.E. per 1000 amp. hrs. 

=-0945x7-935 lbs. 


Wt. of Al. 


•0945 X 7-935 X 5000 X 100 X ’7 
' 1000 “ 


Cost of energy 


=262-5 lbs. 


^000X6 

1000 


XlOO 


s, ^ 1 1 

^ 4 ^'20 


Energy cost per ton. 


=£ 3-125 

=-Sr?-X3 125=£26-6, 
262 5 


Example 8. Find the value of the steady current required 
to decompose 10 grams of water in one hour. 

The electro-chemical equivalent Z to be used in this case 
is the sum of the Electro-chemical equivalent for hydrogen and 
oxygen 

^ =-0104+ -829 

==•0933 mg, per coulomb. 

I X -0933x3600= 10X1000 

10X1000 . 

^ -0933x3600 



CHAPTER IX 


THE D.C. GENERATOR 


9-1. The magnitude of emf. induced in a conductor 
when moved at right angles to a magnetic field is 

c==BfoX 10“® volts. ...Eq. (9-1) 

where B=lines of force/sq. cm. 

Z=length of conductor in cm. 

w=velocity in cms/sec. 

Lines of foice cut per sec , 
or e— nvg volts. 


The direction of erof. thus induced is easily found with 
the help of Fleming’s Right Hand rule. 


9-2. The equation for the emf. generated in D.G. gener- 
ator is : — 


where 


p</>zN 

10^Xfjx60 


...Eq. (9-2) 


E= Induced emf. in volts 
p=Number of poles 
Flux per pole 

3=irNumber of armature conductors. 


N=Speed in R.P.M. 
g'=Number of armature circuits. 


Note. Sometimes “p” is taken to represent the number of 
pairs of poles and “fi” is used to represent the number of 
armature circuits. These should not cause any confusion and 
the emf. equation can be changed at rordingly. 

In some cases the useful magnetic flux has to be calculated 
to find the generated emf. The following points should be 
carefully noted. 

(«) Flux=FIux density X area. 
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(b) The flux passing tlnou^h the poles and yoke is greater 
than the flux passing through the air gap. This is acroimted 
by a factor called the leakage factoi and 

, . Flux in the pole 

Flux in the air • 

The value of this leakage factor lies generally between IT 
and 1‘2. 

(c) Assuming that tlierc is no leakage, the llu\ passing 
through each section of the armatui e toic or the yoke is half 

MAONETIZ/NG 



Fig 5fi. Mngnetio fieki (li*'tubution in tlio Uyiianio, 

the value of flux in the irolc m an gap This is illiistiatcd in 
figure 58. 

9-3. Glassification of Dynamos. 

The D.C. generators are classified accoiding to the method 
of their field excitation. The various types are:-- 

{a) Separately excited Dynamo. The field magnets are 

/ 

I TO LOAD 

■ % f CIRCUIT 



Fig GO, Separately exoi tod Dynamo 
excited from an entirely independent source of D G, supply. 
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(6) Shunt Dynamo. The field coils are wound with many 
turns of thin wire and connected across the ai mature. 



B’lg. 60. Shunt Dynamo 

(c) Series Dynamo. The field coils are wound with a few 
turns of wire of heavy cross-sectional area and connected in series 

9 & TO LOAD 
4 6 CIRCUIT 



Fig. 61. SoriBB Dynamo 

with the armature The machine will excite only when the 
external load circuit is put on. 

(d) Short-shunt Compound Dynamo. There are two 
sets of field coils, one set connected across the armature and other 
in scries with the armature. 


smHT 

FIELD 



Fig, 62. Short-shunt Compound Dynamo 




THE D. C. GENKEATOB 


99 


(e) Long-shunt Compound Dynamo. In this also there 
are two sets of field coils, one set is connected m seiies with the 




Fig. 03. Long-slumt Compound Dynamo 


armature and other across the terminals of the armature and 
series field. 

9-4. Lap and Wave Windings. 

The subject of armature winding will be discussed in the 
next chapter but the way in which the type of winding affects 
the generated emf is explained below. 

The two methods of connecting up the at mature conductors 
are in) Wave winding or Two circuit winding, [h) Lap wind- 
ing or Multiple circuit winding. 

(o) Wave winding. The armature conductors are connec- 
ted in two parallel paths irrespective of the number of poles, and 
each path supplies half of the total armature current. Two .sets 
of brushes only are necessaty but it is usual to provide as many 
sets of brushes as there are poles. The majority of low output 
machines have wave wound armatures. For wave wound 
machine 

<1=2 ...Eq. (9-3) 


^2 


Fig. Gi. Two oiremtB in a wave wound 
armature 
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(b) Lap Winding. The armature has as many paiallel 
circuits and sets of brushes as the number of poles. Therefore 
for lap wound machine 

q=P ...Eq. (9-4) 

The total armature current divides equally among the 
parallel armature circuits. All machines of large output have 
an armature winding of this type 



Fig. 65. 4 oircuifca ot a 4 pole lap wound aimature 


Example 1. A conductoi 12" long rotates about one end 
at 1000 rpm. in a plane perpendicular to a magnetic field of 
strength 5000 lines per sq. cm. Find the eraf. induced in it. 

„ . Lines offeree cut per sec. . 

Emf. = ITS — — volts. 


Area cut per sec 


= TT X 1 2 X 1 2 X 2-54 X 2*54 X 


1000 


-go sq.cms. 

Emf. induced^^ir X 144x 2'54^X volts 

= 2"42 volts. Ans. 


Example 2. Find the emf. induced in a conductor 40 
cms. long moving with a velocity of 30 metres per sec. at rt. 
angles to a uniform field of 8000 lines per sq. cm. 

e=Hlv X 10“® 


B=8000 lines pet sq. cm. 
f— 40 cms. 

r=30x 100 eras, per sec. 


Emf. induced 


8000x40x30x100 

10 “ 


— 9‘6 volts. 


Ans. 


Example 3. The active length of a conductor in the 
armature of a D.G. generator is 25 cms. The peripheral s2ieed 
of the conductor is 2000 eras, frer sec, and the flux density at 
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the centic of the poles is 9000 lines per t.q. rin. Find the in- 
duced emf. in the conductor when moving under the centre of 
the pole. 

e=BZ?'X 10'® 

B=9000 lines per sq. cm, 

Z =25 cms.' 


w— 2000 cms. per see. 
9000x25x2000^ 
t0®“ 


E 


:4'5 volts. Am. 


Example 4. The maximum emf. induced per conductor 
on a certain D.C. generator is 10 volts. The maximum air 
gap flux density is 10000 lines per sq. cm. Calculate the 
maximum pos.sible active length of the conductor under tliese 
conditions when the peripheral speed is 25 metres per sec. 


_ BZo 
" 10 ® 


B= 10,000 
h- ? 


v=2500 cms. per sec. 
10000X^X2500 

loa 

i=40 cm. Am. 


Example 5. A shunt dynamo supplied a load of 20 KW 
at 200 volts through feeders having a resistance of T ohm. The 
shunt field resistance is 100 ohms and the annatuie resistance 
■105 ohm. Find the terminal p.d. of the machine and the 
generated emf. 


Load current 


20x1000 
"200 


= 100 amps. 


Voltage drop in the feeders 

= IOOX'1 = 10 volts 
P.d. across the machine 


Shunt field current 


=200-1-10=210 V. 


210 

100 


=2'1 A. 


Armature current 
Armature drop 
Emf. generated 


= 100+2T = 102T amps. 
=-102-1 x-05=5-l volts 
= 210-1-5‘1 = 215'1 volts. /1««. 
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Example 6, A short-shuilt compound dynamo feeds a 
load taking 100 amps at 200 V. The lesistance of the leads is 
T ohm, armature resistance '05 ohm, shunt field resistance 100 
ohms and series field resistance '015 ohm. Find the cmf. 
generated. 


Volts drop in the leads ' =100x'l — 10 volts, 

r.d. across the dynamo terminals =210 volts. 

Volts drop in the scries field =*015 X 100 

= 1‘5 volts. 

P.d. across the armature =210+1‘5=211'5 V. 


Shunt field cui’rcnt 
Armature current 


211-5 


=2-1 15A. 


100 

T00+2*115=:102 115A. 


Armature voltage drop =102-115 X -05— 5-1 volts. 

Emf. generated =211-5+5 1 = 216-6 volts. 

; Ans, 


Exampl« 7. A 4 pole shunt generator with a lap wound 
armature supplies a load of 200 amps at 100 volts. Shunt field 
resistance is 50 ohms, and armature resistance is -05 ohm. 
Calculate 

(а) Total armature current. 

(б) Current per armature circuit. 

(c) Emf. generated. 

Allow a brush contact drop of 2 volts. 

iro 

Shunt field current — 2 amps. 

Armature current =200 + 2=202 amps. 

In a lap wound armatuic the number of armature circuits 
is the same as the number of poles. 

No. of circuits =4 

. . 20 ^ 

Cuirent per circuit = ^--=50-5 amps. 

Terminal p.d. =100 V. 

Brush drop =2 V. 
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Armature resistance drop =202x ■05=10'1 V. 

Emf. generated =1004'2+10'1 

= 11 2‘] volts. Ans. 


Example 8. A 4 pole D.G. generator has a wave wound 
armature with 37 slots, each slot containing 24 conductors. The 
useful magnetic flux is *6 mega-lines per pole. Find the emf. 
generated in the armature if it is running at 1500 rpm. 


'10*?60 

jP=4 

^=-6xl0« 
Z= 37x24 


N=1500 

g=2 

4x'6xJO'x37x24xl500 

10«x2x6Cr 


~266‘4 volts. Ans. 


Example 9. A 6 pole 1000 rpm. D. C. generator has a 
lap wound armature with 288 conductors. The poles arc 
inches square and the average flux density in the air gap is 
50,000 lines per sq. inch. Calculate the emf. generated by the 
machine. 


p—6 

91=10 X 10 X 50,000=5 Xl0» lines 

Z=288 

N=1000 

q=-6 


E~- 


6x5x]0“x288 xlOOO 


10®x6x60 


-=240 volts. Anf!. 


Example 10. A 6 pole generator has a wave wound 
armature. The axial length of the armature is 40 ems, and its 
diameter 30 ems. The poles cover | of the circumference and 
the air gap density is 6000 lines per sq. ems. Find the number 
of armature conductors so that the induced emf. is 220V when 
the machine runs at 250 rpm. 
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Total avea undei the poles 


-TT X 30 X 40 X -y “2520 sq. cm. 


Total flux undei the 6 poles 

2520 X 6000 lines 
2520 X 6000 XZX 250 


220 = 


Z = 


108x2x60 

220x108x2x60 


2520 X 6000 X . 50 


-700 Atis. 


Example 11 The Ihix density m the pole coie of an 8 
pole generator is 15,000 lines pei sq cm. The pole cores are 
40 cm. in diameter and the leakage coefficient is '12. There 
are 704 conductors on the aiinatine and the machine is lap 
wound Find the emf. induced when the machine is driven 
at 300 rpm. 

Total flux m each pole coie 

“ X 40 X 40 X 15000 lines 
4 


Useful flux 


TT _ 40x40 
X 


X 15000 lines 


4 ■■ T2 
==irX 400x12500 

Induced cmf. 

_ 8X ir x_400 X 1 2500 X 704 X 300 
1 08 X 8 X 60 


■555 volts. 21 ms. 


Example 12. The aimatme of a 4 pole shunt dynamo 
is lap wound and generates an cmf of 200 volts when driven 
at 600 rpra. The arniatiue has 864 conductors. It is desired 
that the machine shotild develop 450 V. by reconnecting the 
armature wave and changing its speed. Find the speed to 
produce the required emf. 

P-^ZN 

]08(z60 
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In this Ji, <f), Z, i 0®) 60 are constants The equations can 
J5e written as . — 


E--- 

200 = 

K= 


KN 

<1 

Kx600 

4 

200 x4 

600 


4 

3 


When the macliine develops 450 V. 


450= 


N= 



450x3x2 

4 


--450XT5 


- 675 ipm. Ans, 


Example 13. A woikshop manufactuiing 220V. D.G. 
fans needs 220 V. D.G. supply for testing purposes. It has a 



Fir. 68. Original 440 V. mauhine 
2000 rpm 4 shunt flold coils 
connected ns shown 



PiR. C7. Mnchino ooniicotod to 
produce 220V uc 1000 ipm. The 
shunt held coils aiB oonnaoted in 
pairs aoiOBB the aimnlute 


4 pole 440 V., 2000 rpm. shunt generator. Suggest the cheapest 
method so that the machine in hand may be used for testing 
purposes. 

pi^ZN 

108(760 

Pj Z, (7 aie all constants if the armature winding is not 
disturbed. 

If the flux could be kept constant and the machine driven 
.at 1000 rpm. it will generate 220 V. 
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In Fig. 66 the shunt field winding is distributed in 4 coils 
connected in series and the combination connected across the 
armature. Each shunt field coil receives 1 1 0 volts The exci- 


tation current is where R is the resistance of one coil of 

shunt winding. If the shunt field coils are re-arranged as in 
Fig. 67j and the machine run at 1 000 rpm. the excitation is 


again 


R 


i.e., flux remains constant. 


Hence our purpose is served. 



CHAPTER X 


ARMATURE WINDING 

10- 1. A simple coil consists of two conductors. One of 
these conductors is placed at the top of a slot and the other 
conductor placed 
at the bottom of 
another slot appro- y/ 

ximately a pole / ' 

pitch apart. One 
side of the coil is NEARLY A 

called Coil Side. fole fircH 

Leg or Half Coil. In 
the case of a simple \ , 

coil stated above \ (' 

each coil side con- I 

sists of only one COMMUTATOR r7~'l NEARLY TWO 

conductor. The L_J_J pole P/rcR 

two ends of the Pig. 08. Simple coil b'lg. (1!>. Simple noil of a 
simple coil are con- ot a lap wound wave wound miicluno. 

nected to muchme. 

(а) Adjacent commutator segments or bars in the case of a 
lap winding (Fig. 68.) 

(б) Commutator Ijars nearly two pole pitch apart in the 
case of a wave winding. (Fig. 69.) 

In the construction of winding diagrams the coil side at 
tire top of the slot is generally shown Ity full line and that at 
the bottom of the slot by dotted line. Or the top side can 
be shown in red and the bottom in blue. 

A coil may consist of more than two conductors and each 
coil side may have 2, 3 or more conductors. A coil with 4 
conductors oi two conductors pci coil side i.s sliown in Fig. 70. 

10-2. Definitions. 

(7oi7 s'pan is the distance stepped forward in connecting 
one side of a coil to the other side and may convenien Lly be 



107 



108 WOBKED EXAMPLES IN ELBOTIilOAL ENGINEERING 

Stated in terms of the number of armature teeth embraced by 
the coil. The coil span is approximately a pole pitch i.e., the 
distance between the pole centres. 



' AP WINDINb \NA\/E \AIINDING 

Fig 70 Coils with 2 turns Or t oonduotoiH por ooil. 


If the coil span is exactly a pole pitch the coil is said to be 
a Full 'pitch coil. If the coil span is loss than a pole pitch it is 
said to be a Short pitch or chorded coil. 

Commutator pitch is the distance between the two seijments 
connected directly to the two ends of a coil. 

Back pitch . It is the distance between the two coil 
sides of a coil. 

Front pilch. It is the distance between the two ends of 



LAP WINDING WAVE WINDING 


Yjj 18 Back pitch 
Yj], is Front pitch 
Fig, 71. Back and Front Pitches, 
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two different coils which are connected to the same commutator 
segment 

10-3- Information about D.C. windings and winding 
diagrams. 

{() The commutator side of the armature is called the 
font side and the other one as the back side. 

{ii) In numbering of the coil-sides or legs, the coil sides 
at the top of the slots are numbered 1, 3, 5, 7 etc. The coil 
sides at the bottom of the slots are numbered 2, 4, 6, 8, 1 0 etc. 
Thus with simple coils each coil having 2 conductors and with 
2 coil sides per slot or with two conductors per slot ; 

Slot No. 1 has coil sides 1 and 2 

Slot No, 2 „ „ „ 3 and 4 

Slot No. 3 ,, „ „ 5 and 6 

and so on. 

{iii) The back and fiont pilches are both odd, in both Lap 
and Wave windings. Thus if the back pitch is 17 and front 
pitch is 15 in the case of a lajs winding, the coil side No. 1 m 
slot No.- 1 is connected to cod side No. 1 8 in .slot No. 9. Then 
coil side No. 18 and coil side No. 3 in slot No. 2 arc connected 
to the same commutator segment, and so on. 

(iv) Number of commutator segments 
= Number of coils. 

{v) Numlier of conductors on the armature 

=Number of coils X turns per coil X 2. 

{vi) Number of conductors per slot 

=coils per slot X turns per coil X 2. 

Example 1. Draw up the winding table for a 4 pole 16 
slot lap connected armature with one coil per .slot and one turn 
per coil. Draw a developed diagram of the armature winding- 
showing the position and polarity of the brushe.*!, the direction 
of the current in the various conductors, the short circuited 
coils, the position of the poles and the direction of rotation for 
a generator. 

Show also that there are 4 parallel paths through the 
armature. 

There are 4 slots per pole and for a full pitch winding 
the top conductor (conductor No. 1 or coil side No, 1) should 
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be connected to the conductor at the bottom of slot No. 5 
(coil side No. 10 which will be connected to coil side No. 3 at 
the front). The back pitch, therefore, is 9 and the fiont 
pitch 7. (Obseive in lap xvinding 


Bach Oomieclions 


Winding Table 

Front Oonnections 


1 to 10 
3 to 12 
5 to 14 
7 to 16 
9 to 18 
1 1 to 20 
13 to 22 
15 to 24 
17 to 26 
19 to 28 
21 to 30 
23 to 32 
25 to 2 
27 to 4 
29 to 6 
31 to 8 


10 to 3 
12 to 5 
14 to 7 
16 to 9 
18 to 11 
20 to 13 
22 to 15 
24 to 17 
26 to 19 
28 to 21 
30 to 23 
32 to 25 

7 to 27 
4 to 29 
6 to 3 1 

8 to 1 


Draw the winding diagram as shown. Number the coil 
sides. Put the brushes at equal distances on the commutator. 

Negative brush I short circuits commutator bais 1 and 2 
and coil sides No. 1, 10. 


Negative brush II short circuits commutator bars 9 and 10 
and coil sides No. 17, 26. 

Positive brush I short circuits commutator liars 5 and 6 
and short circuits coil sides No. 9, 18. 

Positive brush II short circuits commutator bars 13 and 14 
and short circuits coil sides No. 25, 2. 


To show that there art 4 parallel circuits through the arma- 
ture : — 


Starting from negative brush I, via commutator segment 
No. 2 the current passes through coil sides 3, 12, 5, 14, 7, 16 to 
positive brush I. 

Again from negative brush I via segment No. 1 the 
current passes through coil sides 8, 31, 6, 29, 4, 27 to positive 
brush II. 




POLES ABOVE THE ARMATURE 
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Similarly there are two circuits from negative brush II — 
one to positive brush I and other to positive brush II. 

Thus there are 4 parallel circuits through the armature. 
Position of the Poles 

The short-circuited coil sides 1,2,9, 10 must lie in the 
neutral zone. The pole pitch extends from centre of coil sides 
1 and 2 on the diagram to centre of coil sides 9 and 1 0. The 
pole arc is generally '7 of the pole pitch and thus all the poles 
are drawn in the diagram. 

Direction of JRoiation of Armature. 

The poles are above the armature in the diagram and by 
the application of Fleming’s Right Fland Rule the direction of 
rotation of the armature is obtained as shown. 

In this example ; 

Coils per slot =1 

Turns per coil == 1 

Conductors per slot = coils per slot X turns per coil X 2 

= 1 Xl X2=2 

Total number of coils = 16 

Number of commutator bars 

“"No. of coils— 16 

Number of coil sides =CoilsX 2=16x2'^ 32 

Number of armature conductors 

=No. of coils X turns per coil x 2 
16x1 X2=32 

Commutator pitch =2— 1 — I . 

Estatnple 2. Draw up the winding taiile for a 4 pole 16 
slot lap connected armature with 2 coils per slot and one turn 
per coil. Draw a developed diagram of the armature winding 
showing the position and polarity of the brushes, the direction 
of the currents in the various conductors, the short-circuited 
coils, the position of the poles and the diiection of rotation of 
the armature for a generator. 

Here, as in Fjxample 1, there arc 4 slots per pole but there 
are two coils per slot or 4 coil-side.s jx-r slot. For a full pilch 
winding the coil side No, 1 in slot No. I shall be connected to 
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the symmcti ically placed coil side at the bottom of slot No, 5. 
This coil side number is 18. 


Therefore back jiitch 

Front pitch 

Total No. of coil sides 


= 18- 1-17 
= 17-2=15 
= 16x4-64. 


Winding Table 


Bnch Connection 


Front Connection 


I 

to 

18 

3 

to 

20 

5 

to 

22 

7 

to 

24 

9 

to 

26 

11 

to 

28 

13 

to 

30 

15 

to 

32 

17 

to 

34 

19 

to 

36 

21 

to 

38 

23 

to 

40 

25 

to 

42 

27 

to 

44 

29 

to 

46 

31 

to 

48 

33 

to 

50 

35 

to 

52 

37 

to 

54 

39 

to 

56 

41 

to 

58 

43 

to 

60 

45 

to 

62 

47 

to 

64 

49 

to 

2 

51 

to 

4 

53 

to 

6 

55 

to 

8 

57 

to 

10 

59 

to 

12 

61 

to 

14 

63 

to 

16 


15 to 3 
20 to 5 
22 to 7 
24 to 9 
26 to 1 1 
28 to 13 
30 to 15 
32 10 17 
34 to 19 
36 to 21 
38 to 23 
40 to 25 
42 to 27 
44 to 29 
46 to 31 
48 to 33 
50 to 35 
52 to 37 
54 to 39 
56 to 41 
58 to 43 
60 to 45 
62 to 47 
64 to 49 

2 to 51 
4 to 53 
6 to 55 
8 to 57 
10 to 59 
12 to 61 
14 to 63 

16 to 1 
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Draw the winding diagram as shown in fig 73. Number 
the coil sides. 

The number of commutator segments here is 32. Put the 
brushes at equal distances on the commutator. 

Negative brush I short-circuits commutator bars 1 and 2 
and coil-sides 1 and 18. 

Negative brush II short-circuits commutator bars 17 and 
18 and coil sides 33 and 50. 

Positive brush I short circuits commutator bars 9 and 10 
and coil sides 17 and 34. 

Positive brush II short circuits commutator bars 25 and 26 
and coil sides 49 and 2. ^ 

The position of the poles and the direction of rotation is 
obtained as explained in Example 1. 


In this example : 
Coils per slot 
Turns per coil 
Conductors per slot 


=2 

= 1 

= Coils per slot X turns per coil X 2 
==2x1 X2=4 


Total number of coils =32 

No. of commutator bars =No. of coils=32 

No. of coil-sides =32x2=64 


No. of armature conductors 

=No . of coils X turns per coil X 2 
=32x1x2=64 

Commutator pitch =2—1=1. Ana, 

Example 3. Draw up the winding table for a 4 pole 17 
slot progressive wave connected armature with one coil per 
slot and one turn per coil. Draw a developed diagram of the 
armature winding showing the position and polarity of brushes, 
the direction of the current in the various conductors, the 
short-circuited coils, the position of the poles and the direction 
of rotation for a generator. 

Show also that there are two parallel paths through the 
armature. 
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Number of coils =17 

Number of coil sides =17 X 2=34 


In the wave winding, the pitch 

No. of coil sides zb i 
poles 

34±2 36 32 

— 4 — 4 4 

=9 or 8, 


I The pitch 9 gives a progressive winding and the pitch 8 
I gives a retrogressive winding as explained in Example 4. 

j 

’ Winding Table 


1 lUich Connection Front Connection 


1 to 10 

10 to 19 

19 to 28 

28 to 3 

3 to 12 

12 to 21 

21 to 30 

30 to 5 

5 to 14 

14 to 23 

23 to 32 

32 to 7 

7 to 16 

1 6 to 25 

25 to 34 

?4 to 9 

9 to 18 

18 to 27 

27 to 2 

2 to 1 1 

H to 20 

20 to 29 

29 to 4 

4 to 13 

1 3 to 22 

22 to 3 1 

3 1 to 6 

6 to 1 5 

15 to 24 

24 to 33 

33 to 8 

8 to 17 

17 to 26 

26 to 1 


Draw the winding diagram as shown in Fig. 74. Number tb c 
coiIsides._ Put the brushes at equal distances on the commutator. 
There being 17 coils there are 17 commutator segments and 
the distance from the centre of one brush to the next is 4] 
commutator bars. From the winding diagram we sec that : 

Negative brushes Ij II short-circuit coll sides 7, 16 23 
and 32. 
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Positive Inrushes I, II short-circuit coil sides 15, 24, 33, 8, 
31 and 6. 

To show that there are two parallel paths through the armature : — 

Starting from negative brush II tliere are two parallel 
paths through the armature — one going to positive brush I 
and other to positive brush II. At the instant shown there is no 
current flowfiom negative brush I to the armature. The 
circuits are : — 

1. Negative brush II to coil-sides 14, 5, 30, 21, 12, 3, 28, 

19, 10, 1, 26, 17 to positive brush I. 

2. Negative brush II to coil sides 25, 34, 9, 18, 27, 2, II, 

20, 29, 4, 13, 22 to positive brush II. 

Position of poles. 

The short circuited coil sides are 6, 7, 8 then 15, 16, then 
23, 24 and then 31, 32, 33. 

The neutral axis in the diagram is on coil side 7, at middle 
of coil sides 15, 16 ; at middle of coil sides 23, 24 and on coil 
side 32. The poles can be now marked as '7 of distance from 
one neutral axis to othei. 

Direction of rotation. 

The poles are above the armature and the direction of ro- 
tation is found by the Fleming’s right hand rule for generator. 

Commutator pitch. 

Coil No I with coil sides 1 and 10 is connected to cozn- 
mutator bars 1 and 10. 

Therefore commutator pitch=10— 1 = 9 

= Mean winding pitch, 

Example 4. Wi th the data given in example 3 make a 
rctrogzessive winding giving also the winding table etc. 

As stated in example 3 the total No. of coil sides=34 

The izitcli 8 gives a retrogressive winding. The pitches 
should be odd and not even, therefore we make : — 

Back pitch =9 

Fiont pitch =7 

94 7 

Making the mean pitch = =8. 
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Winding Table 


Bach Connection Front Connection 


1 to 10 

10 to 17 

17 to 26 

26 to 33 

33 to 8 

8 to 15 

15 to 24 

24 to 31 

3l to 6 

6 to 1 3 

1 3 to 22 

22 to 29 

29 to 4 

4 to 1 1 

1 1 to 20 

20 to 27 

27 to 2 

2 to 9 

9 to 18 

18 to 25 

25 to 34 

34 to 7 

7 to 16 

16 to 23 

23 to 32 

32 to 5 

5 to 14 

14 to 21 

21 to 30 

30 to 3 

3 to 12 

12 to 19 

19 to 28 

28 to 1 


Draw the winding diagram as shown in fig 75. Number 
the coil sides and put the brushes as in example 3. From the 
diagram we see that : 

Negative brushes I, II short-circuit the coil sides 5, 14, 23 
and 32. 

Positive brushes I, II short-circuit the coil sides 13, 22, 15, 
24, 31 and 6. 


The position of the poles and the direction of rotation are 
found out as already explained in example 3. In this 
winding : 


Coils per slot 
Turns per coil 
Conductors per slot 


=-1 

= 1 


=coils per slot X turns per 
coil X 2 

=lxlx2=2 


Total number of coils =1? 


Number of commutator bars=17 
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Total number of armature conductois 

=Nuniber of coils X turns per coil x 2 

=17x1x2=34 

\ 

Commutator pitch =i'nean winding pitch =S Ans, 

Example S. Draw up a part of the winding table for a 
4 pole 17 slot wave connected ai-niature with 3 coils pei slot 
and one turn per coil. Draw the developed winding cliagram, 
show the position of the brushes, the direction of curients in 
the various conductors, the poles and the diiection of rotation 
for a generator. 

In this example 

Colls per slot =3 

Turns per coil =1 

Conductors per slot =3 X 1 X 2 = 6 

Total number of conductors 

=No. of coils X turns per coil X 2 

=No. of slots X coils pel slot X turns 

per coil X 2 

= 17X3X1X2=10 ^ 

No. of coils =17x3 = 51 

No. of comitmlator liars 

-.51 

No. of c oil-sides =51x2-102 

Winding pitch (batk and fiontj 

102d 2 „ 100 

- 4 ' 4 - 

Commutator pitch =.=25 

This gives a retrogressive winding, 
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Winding Table 

As the compleLe winding table is very big we give a pait 
of this table and the student can complete it without much 
difficulty. 


Bach Connection 
1 to 26 
51 to 76 
101 to 24 
49 to 74 
99 to 22 
47 to 72 


Front Connection 
26 to 51 
76 to 101 
24 to 49 
74 to 99 
22 to 47 
72 to 97 
etc. etc. 


Draiv the winding diagram as shown in fig. 76 and fix up 
the position of the biushes etc. as already explained in 
examples 3 and 4. 

The distance between the two brushes here is \^=12£ 
commutatot bais. 



CHAPTER XI 


ARMATURE REACTION AND COMMUTATION 
ll-I. Armature Reaction. 

It has been staled before that every current carrying conduc- 
tor is surrounded by magnetic lines of force. Armature reaction 
is due to the magnetising effect of the currents in the armature 
conductors. 


y 

i- 



Fig. 77(a). YY' is tlio geomotrioal iieutrnl axip. 

If the bru.shes are placed on the geometrical neutral axis 
(YY'), the armature currents magnetise the armature core along 
the line joining the brushes and therefore at right ang]e.s to the 
magnetisation produced in it by the main pole. In this figure 
^he main field flux acts in the direction N to S. The flux pro- 
■duced by armature currents acts in the direction YY' as shown. 
The resultant llux in the core is in the direction AB. 

The 1‘esultant magnetisation therefore is oblique and it 
becomes more inclined with moi'e armature current flowing in 
the conductors. This effect of armature currents is called the 
cross-magnetising effect. 
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Since the brushes must approximately be on the diameter 
at right angles to the lines of force through the armature {t.e., 
on the magnetic neutral axis) 
it is therefore found neces- 
sary to shift the brushes for- 
wai’d (f.e., give them lead) to 
obtain sparkless commutation. 

The angle through which 
the brushes are moved is 
called the angle of lead. The 
direction of armature currents 
with the brushes moved for- 
ward becomes as shown in 
Fig. 77(6). 

The armature field is no 
longer at right angles to the 
main field and the easiest way 
to consider its effect is to as- 
sume that it is the resultant 
of two components — one in the 
direction YY' already consi- 
dered and called the cross- 
magnetising component and 
the other in the direction SN directly opposing the main 
field poles and therefore called demagnetising effect. It is 
convenient in this case to conceive the whole winding divided 
into two groups — a vertically wound belt consisting of conductors 
in the belt VV consisting of top conductors which subtend an 
angle 20 (where angle of lead of the brushes) joined to the 
corresponding bottom conductors producing the demagnetising 
component of the armature flux. 

The^other belt consists of conductors in belt HH consisting 
of conductors under N pole which subtend the angle (180 — 26) 
oined to the corresponding conductors on the right. The belt 
HH produces a cross-magnetising effect as already explained. 

The overall effect of armature reaction is thatthemain field 
is weakened to a certain extentandthe induced emf. is reduced. 

To minimize the effect of armature reaction two methods 
are generally used : 

(tt) Interpoles are provided. The.se are small auxiliary 
poles placed on the yoke between the main poles, and wound 


Y 



fig. 77 (b) 

YY' is rTeometTiuii' neiitrnl axis. 
nn' is Maenetio neutral axis. 

AB is the rosiiUant direction of 
the lines of forces. 
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with comparatively few tux'ns connected in series w'ith the 
armature. Their polarity, in the case of generator is the same 
as of the next main pole in thedircclion of rotation. When the 
interpoles are provided the brushes are not given any shift and 
are placed on the geometrical neutral axis of the machine. 

[h) Compensating windings are used in the pole faces. 
These like interpoles are connected in series with the aimature. 
They are arranged so that they carry currents in the direction, 
opposite to the direction of cun ent in the adjacent armature 
conductors. 


il"2. Calculation of the cross magnetising and 
demagnetising amp-turns of the armature- 

In the 2 pole machine shown in the figures, let : 

Z = Total number of armature conductors 
I„z= Current flowing in each conductor 

Angle of lead of the brushes in space degrees. 

JVoie , — In a 2 pole machine space angle and electrical 
angle aic equal, 

ZI. 

Total armature amp. turns =— 


Armatui-e amp-turns per pole 

_ ZI,. 

2lP 

where p =:Number of poles. 

Conductox’s in the belt VV (Fig. 71b) 

~ ^360~ 180 


Demagnetising amp. turns per pole 

^ ZD 20 

I 2-p ^ 180 

Cross magnetising amp. turns per pole 


,..Eq. (ll-l) 


ZD ZI. 28 

2p '2p ^180 


ZD " 
_ 
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In calculating the cross magnetising or demagnetising amp- 
turns per pole the student must be very careful about electrical 
and space angles. If the angle of lead is taken in space degrees 
then the pole pitch angle must be taken in space degrees. In 
a 4 pole machine the pole ititch is 90 space degrees and in a 10 
pole machine the pole pitch is 36 space degrees. This is 
illustrated in the examples that follow. 

Example 1. A 4 pole generator has a simple wave wound 
armature with 35 slots and 12 conductors per slot and delivers 
40 amps on full load. If the brush lead is 9 space degiees find 
the demagnetising and cross magnetising amp-turns per pole at 
full load. 

Total number of armature conductors 
= 35x12 
= 420 

Total armature amp. turns per pole 
~2p' 

40 I 

=420Xyx~ = I050 
40 

Note. Io= as in a wave wound armature there are 
twojpaths for the flow of current. 

Space angle per pole =^^-=90° 


Demagnetising amp. turns per pole 

^1050X^5^-^ 
=210 Ans, 


Gross-magnetising amp. turns per pole 

= 1050 - 210=840 Ans. 


or Cross magnetising amp. turns per pole 

29 


72 
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If the angles are taken in electrical degrees then the brush 
shift of 9 space degrees in this case= 1 8 electrical degrees. 


Demagnetising amp. turns per pole 


= 1050x 


2x 18 
180 


=210. 


rl80°electrical'i 
L=pole pitch. J 


Example 2. An 8 pole lap wound generator has 1,152 
conductors on the armature and delivers 800 amps, at full load. 
The brushes have a lead so that the coil is short-circuited when 
it has advanced 1 5 % of the pole pitch ft om the geometrical 
neutral axis. Find the demagnetising and cross magnetising 
amp. turns per j^ole at full load. 

Armature amp. turns per pole 
_ZI„ 

Io=-g^=100 amps. 


Armature amp. turns per pole 

^1152X100^7200 


Taking angles in electrical degrees 
Pole pitch =180“ 

Angle of lead = 1 80 X = 27“ 


Demagnetising amp. turns per pole 

2X27 


= 7200x' 


180 


=2160 

Taking angles in space degrees 
Pole pitch 


Angle of lead 


=^-^-^= 45 “ 

8 
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Demagnetising amp-turns per pole 

. 6-75x2 


=7200 X- 
=2160 


45 


Gross-magnetising amp-turns per pole 

=7200- 2160 = 5040 Ana. 

11-3. Commutation. 

Commutation is that process whereby current in an arma- 
ture coil as it passes from one side of the axis of commulaiion 
(Neutral zone axis) to the other, is reduced to zero, and a 
reverse current is built up equal in value to the current in the 
circuit of which the coil is about to become a part. This pro- 
cess should take place without sparking between the brushes 
and the commutator. 

Let I amjreres of current be flowing in a coil in clockwise 
direction when the short-circuit is about to start. If I amperes 
of current flows in the anticlockwise direction after the short- 
circuit is over, the commutation is said to be ideal. This ideal 
commutation is not realised in actual practice. Due to the self 
inductance of the short-circuited coil an emf. called the reac- 
tance voltage is induced which opposes the change of current in 
the short-circuited coil. The commutation then is said to be 
bad and this results in 

1 . Local heating of the brush, 

2. Sparking between the brushes and the commutator. 

11-4. Aids to commutation. 

(a) The rise of current in an inductive circuit is given by 

_]R£ 

i=l^ \-e ^ 

Rt 
" L 

In this expression L is the amount by which the current 
falls short of what it would be if L were zero. This amount 
can be decreased by (f) increasing R, (ii) increasing t or (iii) 
decreasing L. 

{i) R is increased by using carbon brushes instead of 
copper. Carbon has a contact resistance about 12 times that 
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of copper. The drop per contact with carbon brushes lies 
between 1 and 2 volts for normal current densities. 

(/?) t can be increased by using wider brushes enough to 
cover 3 or 2 segments. 

{iil) L for the armature is constant and can be changed only 
by redesigning the winding. 

(b) Use of fnterpoles or Commutating poles. The 
best method of overcoming cross-magnetisation and commu- 
tation difficulties is by the use of interpoles. The held pro- 
duced by the interpoles is opposite in direction to the armature 
held. These two fields can be made ecpial and they would 
remain nearly equal at all loads because both aie produced by 
same current. The magnetic and geometrical neutral axes are 
made to coincide at all loads. 

The required commutating emf. is obtained by putting 
extra turns on the interpoles. The extra held induces in the 
coil undergoing commutation an emf. which neutralh/'es the 
reactance voltage. The action is entirely automatic. Intcrpoles 
do not correct armature reaction Itut they do eliminate the 
demagnetising effect because the biush lead is not required. 

Average value of Reactance voltage 

= LX ^ ...Eq.(ll-3) 

1 rt 

where Tc=Period of commutation 
L = Inductance of the coil 
I = Current in the coil before short-circuit and 
after short-circuit. 

11-5, To find To i.e.. Time of short-circuit. 


A B 

rdtwv?: 


BCD 


COMMUTATOR BARS 

MICA muurm 

i 


I 2 


3 N 


COILDENieRWG 
5H0RT CIRCUIT 


^BRUSH 
Fig. 73(a) 
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Let us consider a slot with 3 coils per slot, consider the 3 
coils B, G, D shown in Fig. 77(6) the sides of which form a slot 


BCD 



I^OTVilOT-i 



niDIBIQI 

lai 

IDIH 

1 


COILD LEAVING 
^ SNORT CIRCUIT 


Fig. 77(6) 

layer. The time of short-circuit is regarded as the period which 
elapses between the begining of short-circuit of coil D and the 
end of short circuit of coil B. 

It will be noted from diagrams (a) and (6) that the distance 
moved by the commutator during the short-circuit of coil D. 

=Wj-W,„. 

where Wj=Brush width 

Wm=Width of mica insulation 
Diagram (c) illustrates the end of short circuit of coil B. 
The total distance moved by the commutator during the short 



circuit of coils B, G and D is : 

W6-W™-1-2{W^) or W6-W,„+(3-1)W, 

where Ws=Pitch of commutator segment at 

the commutator surface 

The general expression for the distance moved for N coils 

-Wfr-W„,+(N-])W, 
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Thus the time of short-circuit of a slot layer 


T.= 


W6-W,„+(N-I)W. 

V. 




where V(,= Peripheral velocity of the commutator. 


Example 3. An armature with 2 coils per slot rotates at 
990 rpm. Number of commutator segments is 120j brush 

width 1 - 2 “ commutator segment pitch and thickness of mica 
insulation between segments is of the segment pitch. Find 

O 

the time of short circuit of a slot layer. 

Time of one revolution of commutator==^^ min. 

60 1 


Distance travelled in sec. by a point on the periphery 
of the commutator — l20W.s. 


Distance travelled in one see. 

= 15X120 

= 1800 We. 

m- Wfc-W,„+(N-l)W, 

1800 W/ 


2|-W, 

1800 W« 
19 


19. 


14400 


sec. Ans. 


1 

1800 


Example 4 . In a D.C. geneiator with 60 slots and 2 coils 
per slot the commutator surface has a circumference of 60". 
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Thickness of mica between segments is '03 in. Width of the 
brush is '15 in. Determine the period of short circuit. The 
machine has a speed of 875 r.p.m. 

Peripheral speed of commutator 

875 

V<,=-gg- X 60=875 inches per sec. 


Number of commutator segments 60x2=120 


W.= 


60 ^ 

120 


r 

2 


W„.= -03 
W,='75 


Tc- 


•75_.03 + (2-1)x-^ P22 


875 


■ — sec, 


875 


Am,'^ 


Example 5. The iDeriod of short-circuit of a coil of induc- 
tance 6 microhenry is sec. The current per conductor 

is 100 amps. Determine the reactance voltage induced in the 
coil on the reversal of current. 

The current changes from 100 amps, flowing in one direc- 
tion to 100 amps, flowing in the opposite direction. Hence the 
total change of current is 2X 100=200 amps. 

1500 

1500 

= 1'8 volts. Ans. 



CHAPTER XII 

CHARACTERISTIC CURVES OF D.C. GENERATORS 


12-1. The behaviour of various types of dynamos can be 
best studied with the help of their rharactcristic curves. These, 
for generators, are curves connecting voltage and current when 
the machine is driven at a constant speed and are ; 

(a) Open circuit characteristic (OGG , sometimes Called 
No load characteristic or Magnetisation curve, gives the relation 
between the cmf. generated by the armature and field current 
under no load conditions. 

(b) External characteristic givc.s the relation between 
the terminal J). d. across the machine and the current in the 
externa] circuit. 

(o) Total characteristic gives the relation between the 
generated emf. and the armature current. 

The first two curves can be obtained cxjicrirncntally and 
the third one by graphical construction. 

12-2. Open circuit characteristic and the shunt field 
resistance line. 


Fig. 78 shows the O.G.G. of a shunt dynamo obtained by 
running it as a separately excited machine at a constant speed 

say N rpm. 



OA represents the cmf. 
produced by the residual 
magnetism of the machine. 

Suppo-se tlie shunt field 
resistance is * ohms. If a 
current I amps, is to pass 
through the .shunt field the 
■voltage needed is I* volts. So 
plot a point I amp. along OX 
and la: volts along OY. Join 
it with the origin O and pro- 
duce it. The line so obtained 
is the field resistance line as 


shown by OR in the figure. 

Suppose this line OR cuts the OGG at point B. This point 
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then gives the emf. (E) which the machine will generate at No 
load as a shunt generator when driven at N rpm. 

12-3. Given the OCC at speed N, to obtain the OCC 
at speed N'. 

If flux is constant we have ; — 

emf. at speed N' E' N' 

emf. at speed N E N 

Draw an ordinate 

RQ.P. 

RP=emf. at speed N 

=E 

Q_P=emf. at speed N' 

= E' 

QP 

RP“ E ~ N 
N' 

Q,P=RP X ^ 

A number of similar 
other points of the OCC 
for speed N' can be cal- 
culated in the same way and the OGC for this speed drawn. 
12-4. Critical resistance of the shunt field circuit. 
Figure 80 shows the OCC at a constant speed N and the 
shunt field resistance line OR cutting the OCC at point B. 

The emf. that the 
machine will generate 
is represented by point 
B=OE. 

Let us consider any 
other point say G on 
the base line OX. The 
shunt field current is 
OC. The voltage need- 
ed to send this current 
through the shunt field 
is CD. The emf. gene- 
rated by the machine is 
GV which is greater 
than GD. Therefore 
the shunt field current 
rises and excites the 
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field further. Only at point B the emf. e:enerated equals the 
field current OF multiplied by the field resistance and here 
the conditions are stable. 


Effect of changing the field resistance. 

(а) Suppose the regulator resistance is decreased. The 
slope of the line OR decreases and the point B moves up for- 
ward on the curve. The emf. OE increases. 

(б) Suppose the regulator resistance is increased. The slope 
of the line OR increases and point B moves down the curve 
towards the origin and the voltage OE decreases. 

(c) Critical Resistance. Let the resistance of the field be 
increased till the slope of the line has increased to such an extent 
as to become tangent to the curve. It now lakes the position 
OR'. The slope of OR' gives the critical value of the field 
resistance at the given speed N because if the resistance is 
increased beyond this value, the machine will fail to excite. 


12-5. Critical speed of a shunt generator. 

If the shunt field resistance of a generator is represented 
by the slope of the line OR, the machine if .started Horn rest 

will begin to excite at a 
speed such that the line 
OR is tangent to the 
OGG at that speed. This 
OGG is shown by the 
curve Ol. When the 
speed has risen to the 
normal speed the OGG 
takes the shape as shown 
by the cruve 02 which 
the line OR cuts at the 
point B. 

At speeds lower than 
those represented by the 
curve Ol the machine 
will not build up volt- 
age. The speed repre- 
sented by the curve 01 
is known as the critical 
Fig. SI speed. 
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To obtain the critical speed. 

Draw line OR' representing the critical resistance at the 
normal speed. Draw an ordinate cutting line OR' at P', OR at 
P and OX at R. Then if N is the normal speed and Nc the critical 
speed 

N P'R 

Ne^PR 


N„= 


NxPR 
P'R ■ 


12-6. External characteristic of a separately excited 
dynamo. 

OE is the emf. (E) generated by the machine at some cons- 
tant speed N and is the terminal p. d. at no load. If the 



E B 



machine is loaded the terminal p. d. would fall due to 
(g) Armature resistance drop. 

(b) The weakening of the field due to armature reaction. 
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The terminal p. d. falls as shown by the curve EG and at 
a load current I amps, the fall of voltage equals BG, 

If the armature reaction drop is neglected the terminal p. d. 
would be E— 1„ R* where R„ is the armature resistance and 
the armature current (and also the load cuiient in this case). 

12-7. External characteristic of a shunt dynamo. 

The drop of voltage with load in this case is more rapid 
than for a similar but separately excited machine. This is 



because in addition to the two causes for diop in terminal p. d, 
the field current of the shunt m.ichine deci eases as the p. d. 
falls, thus fui tlier weakening the field. 


tiere 

where T^,— Field current. 

12-8. External characteristic of a series dynamo. 
AB is the OGG of the series dynamo when excited sepa- 


S£Pia FU ID 



rately. In the series dynamo the load current is also the excit- 
ing current and hence the OCG would have been the external 
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characteristic also if there had been no voltage drops as stated, 
below ; 



(a) Armatiuc and series field resistance drop. 

(b) Armature reaction drop. 

If armature reaction drop is neglected then the terminal p. d.. 
at any load current =E— Ia(Rn+Rse) 

= OE(no load voltage or emf.) 

— Ia(Ra+R«e) 

where R5e=Res. of series field. 

The Ia(Ra + Rse) line IS shown in the diagram and if the 
drops at various values of the current are subtracted from the 
OGG the external chaiactenstic AB' is obtained (neglecting 
armature reaction). Thus we see that in the case of a series.. 
dynamo the teiminal p. d. rises as the load increases. 


12-9. External characteristic of compound generator. 

(a) Short-shunt compound dynamo. 

Ia=I + IsA 


Rs/i 

E= V "1“ 1X^56 -j- ^sh 

(neglecting armature 
reaction.) 



JRse T 


V 


(6) Long shunt compound dynamo. 

= and 

RsA 


Fig. 88 


SLOA& 


lsh=:rr-^ and Ia= 

RsA 

E=V-l-Ia(Rn-|-R3e) neglecting armature reaction. 
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In a compound generator if the terminal voltage at full 
load is the same as at no load as shown by curve 1 the machine 
is said to be “Level compounded.” This 
means that the effect of series field ha,s 
been to cause a rise in terminal p. d. at 
Tull load by the same amount as the fall 
in teiminai j?;. d. by the various causes. 

Curve 2 is the external chaiacteris- 
tic of an “over compounded” generator. 

Rise in voltage due to the series field is 
more than the voltage drop due to the 
various causes. 

12-10. Applicatiaii of different 
types of generators. 

Series generators ate used for lighting arc lamps, single 
or a number in series. It is also used as a voltage Itoosler in 
eertain types of distribution systems. 

Separately etscited generators are used for special pur- 
poses only such as electroplating. 

Shunt generators with field regulators are universally 
used'For all ordinary lighting and power purpo.sos. It i.s also 
used for charging batteries. This is ]tractically a constant 
voltage machine, the slight drop in voltage being adjustable by 
ithe field regulator. 

Compound generators over- compounded arc u.sed where 
the load lies at the end of a transmission line and specially for 
traction purposes for compensating line drops with changed loads. 

Example 1. The magnetisation curve for a .separately 
excited generator running at normal speed and excited from a 
SSOV supply is : — 

IField current 0 ‘2 '4 '6 '8 1 1'2 I '4 I ‘6 

Induced emf. 4 66 128 179 213 240 257 271 279 

1-8 2 

285 291 



[■'ig. 90 






EM F 
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Determine the field circuit resistance necessary to give a no 
load voltage of 275 What no load voltage would be obtained 



Fig 91 

with the same value of field circuit resistance with the machine 
shunt connected. 

1. Plot the open circuit characteristic. 

2. To find the field circuit resistance to give a no load 
emf. 275V. When separately excited draw CD from point G 
on the curve reading 275V to cut OX at D. The field current 
needed for this emf. is 1 45 amps. The excitation voltage being 

230 

230V, the field circuit resistance= =156 ohms. 
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3. To find the emf. induced at no load if the machine ia 
shunt connected with the field circuit resistance of 1 56 ohms 
draw the 156 ohm. resistance line OG' to cut the OGG at the 
point G'. Point G' reads 286V. 

Open circuit voltage as shunt generator=286V. jdtw. 

Example. 2. The O.C.C. of a separately excited dynamo 
driven at 500 rpm. is as follows ; — 

Field Current 1 1-5 2 2-5 3 3'5 4 4'5 

Emf. Volts. 110 155 186 212 230 246 260 271 
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The machine is connected as a shunt dynamo and driven 
at 500 rpm. Find : — 

(а) Emf. to which the machine will excite when the field 
circuit resistance is 68 ohms. 

(б) The additional resistance required in the field circuit to 
reduce the emf. to 220V. 


(c) Critical value of the shunt held resistance. 

{d] Critical speed when the field circuit resistance is 68 
ohms. 

(e) The speed at which an emf. of 225V can be obtained 
with field circuit resistance 68 ohms. (Neglect voltage drop in 
the armature due to shunt field current). 

Plot the open circuit curve. 

(а) Draw the 68 ohm. resistance line OG. It cuts the OGG 
at the point G which reads 250V. - 

(б) At 220 volts the OGC reads 2’7 amps, as the field 
current. 

220 

Res. of field circuit to give 220V emf. — ohms. 


Additional res. required=81'4 — 68=13'4 ohms, 
(c) Draw OT tangential to the OGG. 


Critical resistance of the field circuit 


TF 

OF 


236 

2 


= 118 ohms. 


(d) The vertical line TF cuts the critical resistance line 
and the 68 ohm, resistance line at T and R respectively. Then 

Critical speed Nc _ RF 136 

_____ 

No _ 136 
Sm 236 

N,=500 X =288 rpm. 

(e) It is required to reduce the open circuit voltage by 
speed regulation, to 225V. Through 225 volt point on 
the vertical axis draw a line to cut line OG at P. The OGG 
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at new speed must pass through P. Diaw a veitical line 
through P to cut the OGG at Q^. Read off (he voltage at Q. 
It is 240 volts. 

225 

Then lecpiiied speed= x500 

— 470 ipm. yJw,'.-. 

Example 3. The external characteristic of a shunt 
genera toi i.s : — 

Load Current amps. 0 5 15 20 25 30 

Terminal volts. 100 98 93 88 82 73 



If armature resistance is ’3 ohm. and shunt field resis- 
tance 40 ohms, draw the total characteristic. 
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Plot the external characteristic APB as shown. 

At 30 amp. armature current the armature drop is- 
30x'3 = 9 V. At 30 amp. mark the point K representing 9volts. 
Join OK. This gives the armature drop line OK. At say 
80 volts the field current is 80/40 or 2 amps. Mark MN=2 
amps. Join ON and produce. This gives the field resistance 
line OH. 

Take a point P on the external characteristic and draw PG 
J_ to OX and PNM parallel to OX. MN is the shunt field 
current at the voltage represented by point P. Take CT=MN. 

Theiefore armature current 

I„=OG+CT=OT 

Voltage drop in armature at current OT 
=ST 

Emf. generated when armature current is OT 

=PC+ST=DT+RD=RT 

Point R therefore lies on the total characteristic curve. 

Plot a few more points in a similar manner and draw the 
curve APR. 

Example 4. A shunt generator has the following O.C.C. 
at 600 r.p.m. 

Field current '5 1 1'5 2 2 5 

Emf. generated (volts.) 100 172 209 235 253 

The armature resistance is '2 ohm and the shunt field 
resistance 110 ohms. Di'aw the external characteristic for the- 
machine when run at 600 r.p.m. 

1. Plot the O G.G. from the points given. 

2. Draw the 110 ohms shunt field resistance line cutting, 
the O.C.C. at point A. Then point A gives the no load! 
voltage of the machine. 

3. Take any point P on the OCC. and draw the per- 
pendicular PR cutting the shunt field resistance line at Q,. 

At the instant P the terminal voltage is represented by 
QR=220 volts. 

Emf=PR— 235 volts. 
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Neglecting armature reaction PQ, represents the drop in 
the armature =IoRo 

PQ,=15 volts. 

Ro= 2 ohm. 

lo=-rj-= '5 amps. 

Load current =75 — I*a=75 — 2=73A. 

This gives a point on the external characteristic represent- 
ing 73A and 220 volts. 

Similarly point Pj can be taken. 

Q,Ri=210V. 

PiRi=232 V. 

PiQi=22 V. 

22 

A; 

Ij;i==l'9 A. say 2 A. 

External load current = l 10— 2=108 A. 

This gives another point on the external characteristic 
108 A, 210 V. 

The 3rd point is P 2 

Q,2R2=200 V. 

P2R2=225 V. 

P2Q2=25 V. 

25 

Ia=-^=125A. 

1=125—2 (approx.) = 123 A. 

The 3rd point, therefore, is 123 A, 200 V. 

Similarly other points on the external characteristic can be 
obtained. 

The characteristic has been shown with the three points 
obtained above. 



146 WORKED KXAMPLKS IN BLEOTRIOAL ENGINEERING 


Example 5. The open circuit voltage of a 4 pole cons- 
tant speed D.G. generator varied with the field current as 
shown below. 

Field current (amps.) 12 3 

O.C. Voltage. 180 225 235 



(ce) The machine is run as a shunt generator with the field 
resistance of 100 ohms. Find its open circuit voltage. 

(b) If the armature resistance is '15 ohm., calculate the 
load current for a terminal voltage of 200 volts. Neglect 
armature reaction. 
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(c) If with the terminals short-circuited, the armature 
current is 40 amps., calculate the flux per pole of residual 
magnetism. The armature is wave wound with 222 conductors 
and speed is 600 r.p.m. 

(а) Draw the O.C.C. as shown and draw the 100 ohm 
shunt field resistance line taking a current of 2 amps, at 200 
volts. The resistance line cuts the O.C.C. at point C represen- 
ting 230 V. 

(б) When terminal p.d. is 200 volts, the p.d. across the 
shunt field is also 200 volts. The emf. generated by the 
armature at this instant is 225 V. (a§ shown by point P on the 
O.C.C ). 


Armature drop (neglecting armature reaction) 
=225-200=25 volts. 


25 25 

Ra ^ -15 


167 amps. 


I'he load current =armature current— field current 
= 167—2=165 amps. 

(c) On short-circuit the emf. circulating the current of 40 
amps, in the armature =40xT5 

=6 volts. 


This is the emf. produced by the residual mag'netism 
,_4XfAx 222X600 
108x2x60 

or <^=0T35x 10“ lines per pole. 

Example 6. A D.C. generator gave the following open 
circuit characteristic ; 

Field Current '25 *5 75 1 1-25 T5 1-75 

O.C. Voltage 54 107 152 185 210 230 245 

The armature and field resistances are ■ 1 and 1 60 ohms 
respectively. Find : 

(a) The voltage to which the machine will excite when 
run as a shunt machine at the same speed. 

(b) The voltage lost due to armature reaction when 100 
amps, are passing in the armature at a terminal p. d. of 
175 volts. 
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(c) Percentage reduction in speed for the machine to fail 
to excite on open circuit. 

Plot the O.C.G. 



FIELD CURRENT 


Fig. 90 

(a) Draw the 1 60 ohm. field resistance line, plot a point ‘ 

160 Vj 1 A. Join with the origin and produce it to cut the ‘ 

O.G.C. at point G. This point reads 222 V. Therefore the \ 
machine will excite to 222 V. on open circuit as a shunt 
generator. 

(b) When the voltage across the terminals is 175 V. the 
voltage across the field is also 175 V. Point Q, represents this 
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point Draw the perp. line PQR. The emf. induced in the 
armatuic PR=197 volts. 

PR -QR = 197- 175= 22 volts. 

InR„ drop. = 100X’l = 10 volts. 

Voltage drop due to armature reaction 

=22 — 10=12 volts. 

(c) Draw a line tangent to the O.C.C. as shown by OP'. 
From P' draw perpendicular cutting the shunt field resistance 
line at Q,. Then 

N Speed P'R 240 

Nc Critical speed ~ QR 17d 
N. 175 35 
N ~ 240 “48 




CHAPTER XIII 


LOSSES AND EFFICIENCY OF DYNAMOS 

13-1. A dynamo is a machine fot‘ converting mechanical 
energy into electrical energy. When such a conversion takes 
place, certain losses occur (which are dissipated in the fotm of 
heat). These losses can be grouped as under ; 

(A) The cojaper losses (sometimes called electrical losses). 
These are: — 

(«) Armature copper loss=H« Ra watts. 

(6) Field copper loss 

In shunt field=Ps/t R.s/t watts 
In series field=I®.sc R'Se „ 

In interpoIes=I®« R, „ 

(c) Brush contact resistance loss. This is usually taken 
into account by including brush contact resistance with the 
armature resistance. 

(B) Iron and Friction losses (sometimes called the iota- 
tional losses). These are ; — 

{a) Iron losses 

(i) Flysteresis loss in the ai'mauire cc NB„,a„’’®. 

(ii) Eddy current loss in the armature and pole shoes oc N* 

■R ® 

Dmaa • 

(6) Friction losses 
(i) Brush friction 
[ii) Bearing friction 

{in) Windage loss due to rotation of armature. 

Some of the losses stated above remain practically constant 
at all loads and others are variable. This enables them to be 
prrouped under the following two heads : 

(A) Constant losses=Iron and Friction losses -t- shunt field 

los,ses 

(B) Variable losses —copper losses— shunt field losses. 

150 
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13-2. Elficiency. 

The total mechanical input to the generator is not conver- 
ted to electrical power but a part is lost in friction, windage 
and iron losses Further, the net electrical power output is not 
the same as the total electrical power generated. It is less than 
the electrical power generated by an amount spent in the copper 
losses. This conversion can be represented in the foim of a 
diagram shown below ; 


ABC 



A=B H.P. of driving engine X 746 watts 
B=emf. of machine X I(, watts=EI„ watts 
^ G=TerminaI p.d.X Current output=VI watts. 


Commercial or overall efficiency 

, Electrical output 

A “ Mechanical Input 


Electrical Efficiency =-g- 


Ekctrical out put 
Elec, power developed 


, , , B Electrical power developed 

Mechanical Efficiency=^= - “Mechrnkffilnp'tT^ 


The efficiencies are always expressed in percentage. Unless 
otherwise stated the efficiency is understood to mean the overall 
efficiency. 


Overall Efficiency 


Output Output 

Input ~Output+Losses 
Input— Losses 
Input 
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13-3. Maximum Efficiency. 



Constant losses P 


Efficiency ■/] 


Let us take the case 
of a short shunt compound 
machine, and determine 
the condition for maxi- 
mum efficiency. 

Variable losses 
= PR,s,+ r->^R„ 

= PR (approx.) where 

R==R,«+R« 

and friction losses + shunt 
field loss. 

Output 

Output+Losses 
_ VI_ 

"VI+PR-fP 

Vl(V+2IR)-V(VI-fPRH-P) 


= Iron 


(approx.) 


(VI+I'R+P)® 


dl 

Efficiency is maximum when 

A=.o 

dl ^ 

or VI-f2PR==VI-fPR-hP 

or iaR=P 

Efficiency is maximum when the variable and constant 
losses are equal. This condition holds good for any other type 
of machine. 

Example 1. A shunt dynamo gives an output of 200 amps. 


at 500 volts. The 
the resistance of the 
field winding is 101) 
ohms. What is the 
electrical efficiency of 
the machine. If it 
takes 150 H.P. to drive 
this generator, find its 
overall efficiency. 

T 500 , 
I>a==j^= 5 amps. 


armature resistance is 0‘04 ohm and 
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1^=200+5=205 amps. 

Voltage drop in the armature 

=205x"04 = 8‘2 volts. 


Induced emf. in armature 

E=500+8-2=508-2 V. 

Electrical power developed 
=EI* 

=508'2x 205=104181 watts. 
Power output =500x200 =100000 

Copper losses =104181 — 100000 =4181 watts. 

Electrical efficiency X 100 = 96%. 


Mechanical power input 

=150 x 746=111900 watts. 
Iron, friction and windage losses 

= 111900-104181=7719 watts. 

Overall efficiency 100=89’3%. 


Example 2. A 500 volt long-shunt compound generator 
has the constant losses (shunt field and rotational) of 18 Kw. 
The resistances are— 
armature winding '01 
ohm, series field '002 
ohm, shunt winding . 

33 ohms. Find the 
maximum efficiency 

and the load at which gg 

it occurs. 

Variable losses =I*« (Ra+Rse)=I^oR 

where R=Ra+Riie 

For maximum efficiency variable I osses= constant losses 



or 

or 


(■0l+-002) = 18xl000 

=^^=1500x1000^ 

I„ = V ISTxlO* = X 100 

= 1225 amps. 
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External load current 1=1225 — Ij/j 


= 1225-~=1210 amps. 


External load at which the efficiency is a max. 

^1210x500 
1000 


= 605 Kw. 


Max. efficiency 


605 


Output 

~0utijut+ Losses “^605 + 18-|-18 

=^^= 94 ' 4 % 

641 


Example 3. A3 Kw., 230 V. D.G. generator has the 
following particulars : — 

Armature and brush contact resistance 
=2*2 ohms. 

Shunt field resistance =460 ohms. 

Series „ „ =‘25 ohms. 

When the machine is run light as a motor at its normal 
speed and rated voltage it takes an armature current of ’6 amp. 

Find the electrical, 
mechanical and over- 
all efficiency of the 
machine when running 
as a long shunt gene- 
rator at full load. 
The resistances given 
are at the normal 
working temperature, 

Full load current I =*' ^ 230 "'^“^^ amps. 

230 

Shunt field current =^^^=’5 amp. 

Shunt field loss ="5x230=115 watts. 

Armature current at full load 

I«=I3+-5=13-5 A. 

4 


460 

0HMS 



3 vinnn 
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Armature and series field loss 

= l3-5*x(2-2+-25) 

= 13‘5* X 2‘45=446'5 watts. 
Iron and friction losses=230X'6=13S watts. 


Electrical power output at full load 

■ =3 Kw. =3000 watts. 

Elec, power developed in armature at full load 
=3000 4- shunt field loss 

+ armature and series field loss 

=30004-1 15+446-5=356l-5 watts. 
Mechanical power input at full load 

=356 1'54-iron, friction losses 
=3561'54-138=3699-5 watts. 
=3700 watts, (approx.) 

Elec, o utput X 100 
Elec, power developed 
3000 


Electrical efficiency 


3561-5 


X 100=84-2% 


Mechanical efficiency _E!cc_l»w«^=j2«d ^ 100 
' Mechanical input 


3561-5 
' 3700" 


X 100=96-2% 


Overall efficiency 


Electrical outpu t ^ 
Mechanical input 


3000 

'3700 


X 100=81-1%. Am. 


Example 4. With the following particulars of a shunt 
machine find the rating and efficiency : 

(i) As a generator 
(ii) As a motor 

(a) Supply voltage =460 V. 

(b) Field current =1 A. 

(c) Armature current=51 A. 
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{d) Armature resistance 

= •5 ohm. 

(e) Iron, friction and windage losses 
=800 watts. 

IJ) Emf. at 1000 rpm.=460 V. 

(£7) Commutator voltage drop 
= 2V 

The currents under (h) and (c) arc assumed to be the same 
for both the cases of generator and motor and losses under (e) 
are assumed constant. 

(i) Generator armature resistance drop 
= 51x-5=25'5 V. 

Conimutator voltage drop 

= 2 V. 

Emf of generator =460-1- 25‘5+2=487'5 V 
Speed " ^4^0^ ^ ^ ~ ^ ‘ 

Lei”nJ 

Losses 

Armature copper loss =51®X'5=1300‘5 watts. 

Commutator contact loss 

= 51x2=102 watts. 

Field loss = 1 X 460=460 watts. 

Iron, friction and windage losses 

= 800 watts. 

Total losses =2662' 5 watts. 

Output current =armature current— field current 

=51-1=50 A. at 460 V. 

^ VI 460x50 

Output “looD” rooo 

Input =23 -f 2-6625 Kw. =25-6625 
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Efficiency _0^put 

Input 

Rating 23 Kw, 460 V, 50 A, 1060 rpm. as generator. 
(ii) Motor 

Armature resistance drop same as for generator 
=51 X •5=25-5 V 
Commutator voltage drop 
=2V 

Back emf. of motor =460 — 27'5=432‘5 V 

432-5 

Speed as motor “*460” ^ 1000=940 rpm. 

Xiosses 

Armature copper loss =5Px '5=1300-5 -watts. 
Commutator contact loss 

=51x2=102 watts. 

Field loss = 1 X 460=460 watts. 

Iron, friction and windage loss 

=800 -watts. 


Total losses 
Input 


Output 


Efficiency 


=2662*5 watts. 

=V(I(t+Is 7 i) =460x52 watts. 

^=23-92 Kw 

1000 

=Input — losses=23920 —2662*5 
=21257*5 watts. 

_ Output 
Input 

21257'5.,,„„ oo.on; 


23920 


X 100=88-8%. 


21257-5 

H.P. output =^*^^=28-5 H.P. 

Input current =51+1=52 amps. 

Rating 28*5 H.P., 460 V, 32 amps., 940 rpm. 
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THE D.C. MOTOR 


14-1. The electric motor is meant to convert clcctricaj 
energy into mechanical energy. It depends for its action on the 
principle that when a conductor carrying current is placed 
across a magnetic field, it is acted upon by a force which tends 
to move it in a direction given by the Fleming’s left hand rule. 


Consider the magnetic field 
N and S shown in the figure at 


N 



(a) 


Fig. 101 


( 6 ) 


/= 


HU 


10 


produced by the two poles 
(a). The conductor at (b) 
is shown with the current 
flowing away from the 
observer and having lines 
of force around it as shown. 
When this conductor is 
placed under the field pro- 
duced by the magnets, a 
force acts on the conductor 
tending to move it to the left 
as represented by the arrow. 
The magnitude of this force 
is : 

dynes. 


where H=FieId strength in lines per sq. cm. 

Z=Lenglh of conductor in cm. 

I = Current in amps. 

The conductors (carrying cui’rents) on the armature of a 
motor experience such forces and it ran be seen that all the 
forces acting on the conductors tend to turn the armature in the 
same clirection. 

14-2. Back Emf, 


When the armature of a motor rotates the conductors on 
it cut the magnetic lines of force and an emf. is induced in 
these conductors. This induced emf. acts in opposition to the 


158 




the D. 0. MOTOB 


159' 


applied voltage (and is therefore called Back eraf.)- This emf, 
is produced in the same way as the emf. in a generator.^ The 
applied voltage has to overcome this back emf in addition to 
the drop. 

14-3. Power output of a motor. 

The current which flows in the armature is due to the 
voltage which is resultant of the applied voltage and the back 
emf 


i.6.. Armature current la— 


V-e 

Ra 


where V= applied voltage 
e=back emf 
Ro= Resistance of the 
armature circuit 
Power supplied to the armature 

=VI« 

Power wasted 

= Ia''Ro=IaXl„XRa 

~ lo X •— p X Ra 


la 



=Ia(V-e) 

& watts, converted to mechanical power 
=VI„-I„(V-e) 

=:el„ ...Eq. (14.1)' 


=Back emf X Armature current. 


However actual power available at the motor shaft is less 
than this mechanical power and is=elfl— Pi ...Eq. (14-2) 

where Pi=Iron, friction and windage losses. 

14-4. Torque (Useful Torque and Armature Torque). 

If T is the torque available at the shaft of the motor and 
‘B.H.P’ is the brake horse-power of the motor then 


or 


B.H.P. = 
T 


2i7NT 

33,000 

33,000 XB.H.P 

277N 


lb. ft. 


where N is in r.p.m. 


Eq. (14-3) 
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This is the useful (or shaft) torque and is less than the 
armature torque, T(,. The loss in the torque is due to the iron 
and friction losses. 


From Eq. (14-1) power available for mechanical conversion 
=e la watts 


This is also equal 


to 


ela 
746 
2TrNI* 
33,000 


H.P. 


...(i) 


■where N=speed of the armature in r.p.m. 

To= armature torque in lb. ft. 

Equating (t) and (ii) 

el„_ ^ 2TrNTa 

746 33,000 

_ _ 33,000 ^ el„ 

746 2tiN 


Substituting 


the value of e 

10«^60 ) 

_ 33,000 (pf^ZN)I„ 
““746x271 IOVOX^rN 


33,000 
" 271 : X 746 


. K0I„ 


•)^hcre 


7*^ 

10»56I) 

=7-04K9i la lb. ft. ,..Eq. (14-4). 


Eq. (14-4) shows that the armature torque (which would 
be approximately equal to the useful torque if iron, and fric- 
tion losses are neglected) is directly proportional to 


{i) The flux 

{ii) The armature current 
■OT T* oc la 
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14-5. Relation between speed, back emf. and flux. 
I 

J-a — 


or 


or 


Ra 

e=V-I„R„ 


?9^ZN 

1L'8?60 


=V-I„R„ 


Pi 9, 10®, 60 being constant. 


N cc 


V-IgR, 

4> 


...Eq. (14-6) 


?.e., 



.. Eq. (14-7) 


Therefore the speed of a motor is directly proportional to 
the back emf. and inversely proportional to the flux. 

-Eq- (14-7«) 

The speed of a motor can, therefore, be varied by varying 
the applied voltage V, or resistance of the armature, or the flux 

(O'ee Eq. 14-6j. 

14-6. Motor Characteristics : There are three gene- 
ral types of inotors-shunt, series and compound. They are 
named according to the way their fields are connected. 

The suitability of a particular type of motor for a specific 
purpose can best be studied with the help of motor characteris- 
tics which are 

(i) Speed Load Characteristic : The plot between the 
armature current (along rc-axis) and speed (along y-axis) is 
called the speed load characteristic. 

(ii) Torque Load CharacteHstic ; The plot between the 
armature current (along x-axis) and torque (along y-axis) ' is 
called the torque load eharacteristic. 
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(a) Shunt Motor Charncterislic. 



ARMATURE CURRENT 


I'’ig. 103(o) 

Curves showing I ho ipjiilion of lorqiift niul 
S(ieod to tho lurnutino oniient m u Hlninl 
1110(01 



la — I Iflii 


The speed of a shunt motor at full load falls below its 
speed at no load. However this drop in speed is so small that, 
so long as the load is not taken beyond the normal full load, 
the shunt motor is, to all intents and purposes, a constant- 
speed motor. If clesired the speed at full load can be brought 
to its no load value by increasing tire resistance in the field. 
(Increase in the field resistance decreases excitation and, there- 
fore, increases the speed which is QC 
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The torque of a shunt motor increases in direct proportion 
to the armature current since ^ may be considered constant at 
all loads neglecting armature reaction. 

Machine tools such as lathes, milling machines etc. require 
a motor which will maintain an efficient cutting speed under 
widely variable load conditions and this requirement is well 
satisfied by the shunt motor. 

(6) Series Motor Characteristics. 



Fig. 104(a) 

Curves allowing tlio relation of tor<|uo and siieed 
to the nimafciiio cmrent in n senes motor. 



Ifl-I. 

e=V — Ifl(Ra + R«e) • 
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The no load speed of a series motor is too high to be 
plotted and the speed falls rapidly with the first increase of 
load and then more gradually as the load gets in the vicinity 
of full load. 

Since theie is racing on “no load” a series motor should 
never be run without load. 

T(i oc larji. At light loads, whilst working on the straight 
portion of the O.G.C., (j) oc I„. 

T a la® : hence initial poi tion of torque characteristic 
is a parabola. At heavier loads when the iron is saturated the 
curve merges into a straight line as shown in fig lOSfffb Thus 
the motor develops a very high torque at starting ; this torque 
decreasing as the speed increases. Such a characteristic is 
highly suitable for traction work and for cranes. 

(c) Compound Motor Characteristic. 

A compound motor may be 


either, (i) A Cumulative compounded motor ; 

In this type of motor the shunt and the series excitations 
help one another. The motor has series characteristics ; does 

not race at no load ; gives large 
torques at low speeds. Such mo- 
tors with flywheels arc used with 
punch presses, power spears, roll- 
ing mills. Compound motors 
with weaker shunt field and 
stronger series field are used for 
driving power fans. 

or, (u) A dififerentia] com- 
pounded motor : In lhi.s type 
of motor the two excitations 
ojijiose each other. The motor 
has exaggerated shunt charac- 
teristics ; maintains constant speed 
at all loads within limits. This 
type of motor finds limited appli- 
cation for experimental and re- 
search work. 





Pig. 106 

Curvea (1) & (2) are tlie Fpocil 
<& toiqua ouivoR oi ouraulativo 
comiioundeti motor. 

CurvoH 3 & i nre tin) speed & 
torque cuivea of differential com- 
pounded motor. 

Dotted ones are for the shunt 


motor. 

Example 1. The armature of a 220 volt, 8 pole motor 
is wave wound with 888 conductors, the resistance of the 
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armatuie circuit being '4 ohms. If the flux per pole is 1,200,000 
lines, find the speed of the motor when taking an armature 
current of 60 amps. 


Back emf. e=220— 60 X "4=196 V. 
p<j>ZN 
®“l0«(irx60 


or 196= 


8xl-2xl0®x888N 

10^X2X60 


1500x 196 . 

^=T2x888 


Example 2. A 500 V. shunt motor has 6 poles and a 
wave wound armature with 1200 conductors The useful 
magnetic flux per pole is 2 million lines and the armature and 
field resistances are "5 and 250 ohms, respectively. Ignoring 
armature reaction find the speed at which it will run when 
taking 20 amps, from the mains. 

Shunt field current ^ amps. 

Armature current =20— 2=18 amps. 

c=500— 18 X ’5=491 volts. 

' 6x2x 10®x 1200N 

10 sx 2 x 60 “ 

N=409"2 rpm. Ans. 

Example 3. A 4 pole shunt motor has 720 conductors 
on its lap wound armature and a flux of 4 megalines per pole. 
The armature resistance is "I ohm and the brush contact drop 
is one volt per brush. Find the speed of the machine when it 
takes an armature cunent of 40 amps from the 500 V. supply. 

There are 4 poles and 4 brushes. 

Brush drop =1+ 1=2 volts. , 2 sets are in parallel. 

Back emf. c=500— 2— IaR(, 

=500 — 2 — 40x’l=494 volts. 

® 10»xgx60 - ' ' 
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494= 


4x4>:10«x720N 48N 


N= 


108x4x60 
494x100 


100 


48 


=■ 1029 rpm. -dns. 


Example 4. A 4 pole 440 volt 80 H.P. motor has a fijll 
load efficiency of'907o- The armature js wave wound with 
/468 conductors. Total resistance of arniatuie including the 
interpoles is '1 ohm, shunt field resistance is 220 ohms. Flux 
per pole is 4 megalines. Calculate the full load speed and 
torque in lb. ft. 

Motor input at full load 

= 80 X 746 X watts . 


Line current at full load 


Field current 


= 80x746x-^X4|q— 150'7 amps. 
440 - 

= 220-2 amps. 


Armature current 
Back emf. 

425T3= 


= 150-7-2= 148-7 amps. 


6=440-148-7 x-]^ 425-13 volts 
4x4_XlO»x468N 2x468N 
10'«x2x60 
1500 x 425-13 


2x468 


1500 
'=681 rpm. 


Useful torque 


HP x 33000 80 X. 33000x7 
" 27rN "■ 2x22^x681 
=616-7 lb. ft. .4«,s-. 


Example 5. A shunt motor has an armature resistance 
of -5 ohm. and takes a no load current of 5 amps, at 220 volts 
when running at a speed of 600 rpm. If the field current is 
constant at one amp., determine the speed of the machine when 
taking an armature current of 30 amps. Ignore commutator 
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Armature current at no load 

=5—1=4 amps. 

Back emf. at no load 

=220-IoRa-220-4x'5 

=218 volts. 


When loaded the armature current 
=30 amps. 

Back emf. on load =62=220— 30 X '5=205 volts. 

^2 N 2 

205 

N2=600x .^=564 rpm. Ans. 

Example 6. A shunt generator has an output of 20 Kw. at 
250 volts and 500 rpm. The armature resistance is '1 ohm and 
the field resistance 125 ohms. Calculate its speed as a shunt 
motor when taking 20 Kw. from 250 V. mains. 

As a Generator. 


Current supplied to outside circuit 

20x100 


250 


80 amps. 


Field current 


250 _ 

= amps. 


Armature current 
Armature drop 
Induced emf. 

Speed 

As a Motor. 

Current taken from the line 

_ 2^X1000 

250 


= 80-1-2=82 amps. 
=82xT = 8'2 volts. 
E=250-f8'2=258'2 volts. 
Ni=500 rpm. 


= 80 am[)s. 


Field current 


250 

= 1^=2 amps. 
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Armature current =80—2=78 amps. 
Back emf. 6=250— 78X'l 

=242‘2 volts. 


Speed 


N2=NiX-|- = 
=-469 rpm. 


500x242-2 

258-2 

Ana. 


Example 7, A 4 pole D C. shunt motor runs at 1000 
rpm. on a 460 V. suppi-/ when taking an armature current of 
45 amps.j the resistance of the armature circuit l^eing ’4 ohm. 
Find the torque developed by the machine in lb. ft. If the 
field circuit supply remains 460 volts while the armature is 
supplied with only 60 volts and is to develop the same torque, 
find the speed under these condilions. 

Back emf. c=V- I„R„=460-45 X -4=442 V. 


Power developed by the motor 

=442 X I,t = 442 X 45 watts. 

If T is the torque developed by the motor in lb. ft. ; then 
277NT 


33000 


x746-=442 x 45 


or 


T= 


442x45x33000 
'27rX 1000x746" 


140 lb. ft. 


Speed when the armature is supplied with only 60 V. and 

the motor is to exert the same torque ».c., a torque of 140 
lb. ft. H > t 


Torque ex constant, 

and since ^ is con.slant, therefore is also constant. 

I«“45 amps. 

Back emf. ei=Vi— InRa = 60— 45 X '4 

= 42 volts. 

27rNiX 140x746 _ 

~3W —=42X45 

where Nj is the speed in this case 


Nr 


4:^x45x33000 
27tX 140x746 


=95 rpm. 


Ana. 
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Example 8. A 440 V. D.G. shunt motor has a field 
resistance (cola) of 100 ohms and an armature resistance of 
■04 ohm (cold). Its no load speed when cold is 1200 rpm. 
After running on load for some time both armature and field 
have a mean temp, rise above the atmosphere of 35°G. If the 
armature current of the motor is 90 amps., calculate its speed. 
Temp, coefficient of resistance= •0042. Assume that the flux 
changes in the same ratio as the field current. 


The armature current at no load being very small the 
armature drop can be neglected and the back emf. at no load 

e„=440 V. 

N(|=1200 rpm. 

, 440 

9’oO:-|00 

With the increased temp. 

R« 7 ,= 100(H--0042x 35)=114'7 ohms. 
R„=’04xlT47= 046 ohm. 


Back emf. e now 


Field current 


=440-90x •046=440-4'16 
=435-84 V. 

440 

“114-7 


The flux now 


, , 440 100 

114-7^440 

_ 100 
“^®^ 114'7 


_ Pi^pZNn 

® 10V60 

p<j>ZN 
10“-/60’ 


where N= speed at the higher temp. 
^0 
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e 100 ./^oN 100 N 

= 114-7 </.oNo -114-7 ^ No 

435-84 lOON 

440 -ll4-7No 

435 84 X 114 7 X 1200 
440x100 

— 1363 ipm- Ans. 


Example 9. A 250 volt D.G. shunt motor has an 
ariDature circuit resistance of -5 ohm and the field circuit 
resistance of 125 ohms. It drives a load at 1000 rpm. taking a 
current of 30 amps, from the line. The field circuit lesistance 
is slowly raised to 150 ohms. If the flux is proportional to 
field current and if the load torque is constant find the final 
speed and the armature current. 


T _250 

ls7ii-125 


=2 amps. 


Ifli=30— 2=28 amps. 

Back emf. ei=250— 28 X "5=236 volts. 

Ni= 1000 rpm. 

is proportional to 2 amps. 

When field circuit resistance becomes 150 ohms. 

T 250 , 

Ij/i 2 =| 5 q== I 67 amps. 


Torque oc Flux X Armature current. 

Since torque is constant 

^^iloi— '■/^a Ifta 

T 4>\y Ini IrfiwT 2x3x28 

raa 7 T A t(tl — " r 

t2 ^ 

=33*6 amps. 
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Back emf. in the second case 


=250-33-6 X •5=233-2 volts. 


2x3, 1000 
5 Na 

136 2x3 1000 

233-2~ 5 

.. 6 1000x233-2 

236 = 


1 186rpm. Ans. 


Example 10. A shunt motor runs at 600 rpm. on a 240 V. 
supply. Its armature and field resistances are ‘5 and 120 
ohms, respectively and the total current taken from the supply 
is 32 amps. 

(а) What resistance should be placed in series with the 
armature circuit to reduce the speed to 400 rpm. with no change 
in the armature or field current. 

(б) In what ratio is the H P. reduced. 

(c) To what value should the load be changed so that witli 
the added resistance the speed comes to its former value of 600 
rpm. Ignore the effect of armature reaction. 

, T^- , 1 240 - 

a.) Field current =j^=2amps. 

la = 32— 2=30 amps. 

Back emf. =240 — '5 x 30=225 volts. 

At 400 rpm. the back emf. 

=225xSS== 150 volt. 

600 

The voltage ei—Cj must be absorbed in the external resis- 
tance put in series with the armature 

ej^—ej=225— 150=75 volts. 


Resistance =_=2-5 ohms. 

(b) Power developed by a motor is proportional to back 
emf. See Eq. (14-1). 
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So HP 


is reduced to 


150 

22 : 


or 


2 

3 


of its former value. 


(c) The speed shall be 600 ipm. with the added resistance 
in the circuit if the back emf is equal to fij, i.a. 225 volts 
Armatuie drop -=240 — 225=15 volts. 

Armature circuit resistance 

= 2-5 + -5 
= 3 ohms, 

Armatuie current =.^^=5 amps. 


Total current taken by the motor 

= 5+2=7 amps. Aiif. 

Example lb A 4 pole 220 V. shunt motor having 540 lap 
wound conductois, takes a current of 32 amps, fiom the line and 
develops 7'5 H.P. The field current is 2 amps, and the flux 
per pole is 3 inegalines. The aiinature resistance is '8 ohms. 
Calculate the total torque developed and the useful torque. 

Aimature cunent Ia=32— 2=30 amps. 

Back emf. e=-220— 30 x ‘8 X = 196 volts. 


__ P0Z N 
’ 10»9 60' 

4x3x I0'’x540N 
10»x4x60 " 


3 X 540N 

■'100X60 


N 


19600 
27 ■ 


Total torque developed in lb. ft. 

- 7-04x4^ 


Useful torque 


^7-04x196x30 X 27 
19600 
=57-024 lb. ft. 

_PlPx 33000 

2'irN”- 

_7-5 X 33000 X 27 X 7 __7-5 X 30 X 27 
“ 2x22x19600 " 4x28 

=54-24 lb, ft. Ans. 
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Example 12. A 100 V. series motor has an armature resis- 
tance of '2 ohm and field resistance of ’25 ohm. When its 
pulley exerts a torque of 20 lb. ft. 2 
it runs at a speed of 600 rpm. 

Iron, friction losses at this speed 
are 300 watts- Calculate lost tor- 
que, copper losses and efficiency. 

If lost torque is T/ lb. ft. we 

have 



2iTNTiX746 

33000 


=300 


so that 


300x33000 .,.,,,.,300 

^'“2Trx 600x746“ *^^^600 
=3-52 lb. ft. 


Torque developed =20-t-3'52=23‘52 lb. ft. 
If la is the armature current we have 
Back emf. e=100— '45 lo 

el 

Torque developed T =-j;^x7'04 

(100--45 I„)xI„X7-0‘t 
600 


or 

or 


1 OOI„- -4512 
■45P,,-100I„+2004=0 


T _100±V 1 00‘‘-4x -45x2004 
“ 2X-45 


Copper loss 
Total losses 
Input 
Output 


=22-25 amps. 

=22'252x ■45=222-75 watts. 
=222-75+300=522-75- watts. 
= 100x22-25=2225 watts. 
=2225- 522-25 =1702-25 


1702-25 

2225 


=76-5% 


Ans. 


Efficiency 
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Example 13. A 460 V, series motor runs at 500 rpm. 
taking a current of 40 amps. Find the speed and percentage 
change in torque if the load is reduced so that the current is 
reduced to 30 amps. Total resistance of armature and field 
circuit is "8 ohm. Assume that the flux is proportional to the 
field current. 


When motor is taking 40 amps, the back enif. 

<2i=: 460— 40x •8=-12S volts. 

When taking 30 amps, the back emf. 

c„=460-30x-8- 436 volts, 

‘/•'a ^2 

Flux being proportional to ciurcnt 
«3 40x500 

Cg 3OXN2 
428 _ 40X500 
436 " 3 ON 2 

or N 2=680 rimi. 

Torque is pi'oportional to Flux X Armature current 

30^30 9 


Percentage change of torque 
_Ti-T.. 

=43'75 Ans. 


'X 100 


Example 14. The full load armature current of a 440 V. 
shunt motor is 120 amps. The armature resi.stance is 0‘2 ohm 
and speed 800 rpm. What will be the speed if the torque is 
reduced to 60% of its full load value and a resistance of P5 
ohm. is connected in series with the armature circuit. The 
field strength is the same in both cases. 
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Back emf. 


=440- 1 20 X -2=416 volts. 

Ni=800 rpm. 


Let Tj be the 
second case. 


full load torque and T 2 the torque in the 


4>i X lax 

To ^^2 ^ 1-02 


As the flux in both cases is equal 



or I„2=I„iX;jr 

= 120 X '6=72 amps. 
e2=440~72(-2+ 1-5)=440- 122-4 
=317*6 volts. 

«'a Ns 

or N2 =NiX — 

N2=800x^^= 610 rpm. Ans. 


Example 15. A 200 V. shunt motor when running light 
takes a current of 6 amps , the speed being 1200 rpm., arma- 
ture resistance -15 ohm, shunt field resistance 125 ohms. A 
series winding of 0'05 ohm resistance is added being connected 
long shunt cumulative. The series winding increases the flux 
per pole by 25% when the motor takes its full load current of 
10T6 amps. Ignoring armature reaction find {a) the speed of 
the motor when taking full load current as a compound motor. 
(6) compare the torque exerted with and without the com- 
pound winding. 

Note. Cumulative compounding means that the series 
field winding is so connected that its flux assists the shunt field 
flux. 
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When running light. 

200 

Field Current = amps. 

Armature Current =6— 1'6 = 4 4 amps. 

ei=200-4 4x ■15=199-34 volts. 


When the series winding is connected. 


Fig. 107 


r 6 AMPS Shunt field current 

= 1'6 amps. 
I,==101-6-I-6 
= 100 amps. 
Volts drop in arma- 
ture and series field 
= 100x-2 
=20 volts. 

=200-20=180 volts. 



Cg Ng X ^2 


or 

or 


199'34__ 1200t/ii 

180 “N2Xl-25f/n 


„ ^1200x180 

*“1-25 X 199-34 


=866 rpm. 


Torque is proportional to laX^- 

With the series winding connected the flux is 1 25 X flux 
without series winding and so is the torque. (Armature current 
is 100 amps, in both cases). 


Example 16. A D.G. series motor runs at 1000 rpm. when 
taking 20 amps, at 200 volts. The resistance of the armature 
is ’5 ohm and that of the field winding 0'2 ohm. Find the 
speed for a total current of 20 amps, when a 0’2 ohm. resis- 
tance is connected across the series winding. The flux for a 
■field current of 10 amps, is 70% of that for 20 amps. 

In the first case 

Back emf 


=200-20x (•5-l--2) = I86 volts. 
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In the second case with '2 ohm resistance connected across 
the series field. 


Field current=] 0 amps. 

ra=20 amps. 
^3=200-10 
X'2-20x-5 
= 200 - 2-10 
= 188 volts. 


rO 


loA 

-vww — e- 


20A 




lOA 


20A 




Fig. 108 


186 1000x^1 

18"8“N2X'7^6i 


188x1000 

186X-7 


1444 rpm. Ana. 


Example 17. The resistance of each of the two field coils 
of a series motor is '04 ohm and armature resistance 04 ohm. 
The machine takes a current of 50 amps, at ICO volts and runs 
at 800 rpm, when the two field coils are connected in series. 

Find the speed when the two coils are connected in parallel 
and the load torque is (a) doubled {b) halved. Assume that 
the flux is proportional to the field current. 


When the coils are in series J 


■o^n. 


O^SL 04Si- 

V WT- 


504 


100 V 


Total resistance 

=•04X3 
=■12 ohm. 

Back emf. Si 

= 100-50 X -12 
=94 volts. 
Ni= 800 rpm. 


Fig. 109 
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When field coils are in parallel and torque is doubled. 



(1,2)2=50x50x4 
I„o = 100 amps. 

Back emf. C2 =100 — 100X‘04 — 50x'04 

= 100—4 — 2=94 volts. 

_gl _N3 ^-i 

62 ^2^2 

94 800x50 
94” 50 Na 
N2=800 rpm. 

When torque is halved : 

Ti 2 50x50 

"^2 Ia2^^2 T V ^'*2 

J-02 ^ 2 

1,2=50 amps. 

63= 100-50 X -04-25 X -04 
= 100-2-1=97 volts. 

®2 N2<|^2 

94 80 0x50 
97” Ns x 25 
_800x 50x97 
" 25x94^ 

= 1650 rpm. Ana. 

Example 18. A 250V series motor having a resistance of 
• 5 ohm runs at 800 rpm. when taking a current of 40 amps. 
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= 800X 


=800x 


Find the speed when the current is 25 amps, if the flux at this 
value of current is 25% less than the flux at 40 amps. 

At 40 amps, current the back emf. 

01=250 — 40 X ‘5=230 volts. 

At 25 amps. 02=250— 25 X‘5=237‘5 volts. 

Speed N 2 if flux had remained the same 

237‘5 

= 800 x- 43 ,- 

When the flux is 75% of the former value 

c j onA 237-5 100 

Speed =^00x-^X-3- 

= 1101 rpni. Ans. 

Example 19. Two exactly similar motors are operating 
in parallel and each is taking the same armature current while 
the field strength of one is made 75% of the other. Compare 
torques, speeds and outputs of the motors. 

As the armature currents are equal, the back emfs. and 
02 are equal. 

Ni = ^2 N 2 

If ^42=-75 then ^x^^=-75 <i>, Nj 

Nj _ 1 

K -75 

Let Ti and Ta be the respective torques 

Ti=KI^i 

T2=KI.i2=iax‘75 01 

= —75 

Ti <^-1 

Let outputs be Wi and Wg 

Wi oc TiNi 
W 2 oc TjNa 
TaNa 

Wi TiNi -8 


or the outputs are equal. Ans. 

Example 20, A 4 pole series wound fan motor runs nor- 
mally at 600 rpm. on a 25 volt supply taking a current of 20 
amps. The field coils are all connected in series. Estimate the 
speed and the current taken by the motor if the coils are con- 
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nected in two parallel groups of 2 coils in series. The load 
torque increases as the square of the speed. Assume that the 
flux is directly proportional to the current and ignore losses. 



KV V 

Speed N=-y — =K-^- because 

Ifi/i Xa 

proportional to current and the losses arc neglected. 


Torque T oc ^ or \sh </> 
N,=K, 


N. 


-TT.. 
2 — 


V 

I, a 

V 
la 2 


K-i X 


Iu2 


the flux 


is 


V 

Na 'la. 

Ti=aNi* 


%/ f aB 
^“2V 


•*-a2 


2Iai 

h 


...(1) 


T » — — b X Is7i2 — -A 


I%2 


T 

Ta 

Ni 

Na 


where « and b are constants. 

1 _ Ni® _ 21, 


Na- 

= V2 

•••aa 


T ^ 
■^aa 


•• ( 2 ) 


From equations (1) and (2) 

Jaa — 

2Ial Iga 
Io2=V'2x V2 loi 


N, 


= V2x ■\/2 x 20=33’5 amps- 
^ 2I„^ Ni^ 40^600 
> I„b“ “ 33 '5"" 


716 rpm. 

Ans, 



CHAPTER XV 


LOSSES AND EFFICIENCY OF D.C. MOTORS 

15-1. The losses occurring in a D.C. generator have been 
discussed in Chapter XIIL Similar losses occur in the case of 
a D.C. motor. A generator converts mechanical power into 
electrical power but a motor converts electrical power into 
mechanical power. 

The total electrical power VI supplied to the motor is 
utilised in two ways : 

(«) To supply the copper losses in the field magnets and 
the armature. 

(6) To force the armature current I* in opposition to the 
induced emf e. 

The part (b) equals el„ and is the actual mechanical 
power developed by the armature. A part of this mechanical 
power developed by the armature is spent in friction, windage 
and iron losses and the remaining is delivered as useful me- 
chanical power at the pulley. This can be represented by a 
diagram. 


ABC 



A = Line voltage X current taken by motor 
=VI watts. 

B - Armature emf X watts. 

C=BHP output X 746 watts. 

181 
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Commercial or over all efficiency 

^ G ^eI,,-W 
A VI 

wheic W^Iion, fiiction and windage losses. 


Mechanical output 
Electrical Input 


Electrical efficiency 


_ _ Ekctrica^power develooeJ 

A Electiical Input 

_ el« 

VI 


Mechanical Efficiency=-g= , M_cclianicaWp^m 

ii Electrical power developed 


Here, as in the case of generators, unless otherwise stated, 
the term efficiency is understood to mean overall efficiency. 


15>2. Maximum EfBciency. 


M j 



Fig. 1 12 


As discussed earlier maxm. 
efficiency occui.s when constant 
losses = variable losses. 

Let us take the case of a 
shunt motor. 

Variable losses ==1,1* R,, 

=PRa 

(approx.) 

Let Constant losses == Shunt field 


loss+Iron, friction and windage lo.sscs 


=P 


_Iiiput —L osse s 
^ Input 
VI-F-PR„ 

VI 

dv) _ (VI- P-PR,jV-VI(V- 2IJJ 
dl ~ V^P 


Efficiency 
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For maximum efficiency 



or VI-P-I"R„ =VI-2PR„ 
or PRa=P' 

This shows that efficiency is a maximum when constant 
losses = variable losses. 


Example 1. A series motor takes a curient of 25 amps, 
at 220 volts The armature and field resistances are 2 and T5 
ohms, respectively and stray power loss is 700 watts. Find the 
electiical, mechanical and overall efficiency of the machine. 

Back emf. e =220— 25(-2-hT5) 

=220—8 75 
=211*25 volts. 

Electrical Efficiency =-& 


In this case =I 

Electrical Efficiency 

e 


21T25 

220 


= •96=96%. 


Mechanical Efficiency=^i 2 — ^ 

«Ia 

_211-25x25-700 

211-25x25 


5281-700 

5281 


•867 


-86-7% 


= Electrical efficiency X Mecl 

ei 

_ela— W_52 81-7 00 45S 

VI 220x25 ~2-0> 
= Alia 


Overall efficiency 
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Example 2. A shunt motor takes a current of 24 amps, 
at 220 volts. Calculate the various efficiencies given that its 
armature lesistance is '2 ohm, shunt field resistance 55 ohms, 
iron, friction and windage loss at the given speed is 700 watts. 

220 

Shunt field current = ^ =4 amps. 


Aimalure current 
Armatuie drop 
Back emf. e 


=24 —4= 20 amps. 
=20 X '2=4 volts. 
=220—4=216 volts. 


Electrical efficiency = 


Mechanical efficiency 


el„ _216x2n 
VI “220X24 
•818 = 81'8% 
eI,.-W_2l6x 20-700 
el„ ~ 216X20 

3620 
4320' 


/i> 


Overall efficiency 


- VI 


3620 

220x24 


l'685=68-5%. 


Example 3. A long shunt compound motor lakes a 
current of 24 amps, from 220 volt mains. Calculate the various 
efficiencies being given 

R„ = ‘l ohm, Resistance of series field = ‘08 ohm, Resis- 
tance of shunt ficld=55ohms, W at the given speed and voltage 
=700 watts. 



Shunt field current 

Armature current 
Back emf. e 


220 

—4 amps. 

24--4 = 20 amps. 

= 220-2001 + '08) 
=220-3'6=216'4 volts. 
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Electrical efficiency 


ela 216-4x20 


= ■819 


■ VI ~ 220x24" 

=81-9% 

. "I.,-W 216-4x20-700 

Mechanical emciency = ^ 

_3628_ 

4328* 

el„— W 3628 


Overall efficiency 


VI 


~ 216-4x20 

•838=83-8% 

=•689 


'220x24' 


=68-9%. Ans. 


Example 4. Find the efficiency of the motor of example- 
3 -when connected short shunt compound. 



Voltage diop in the series field 

=24 x -08=1-92 volts. 
Voltage across the shunt field 

= 220-1-92=218-08 volts. 

Shunt field current =3-96 amp. 


Armaluie current 
Armature drop 
Bade emf. e 

Electrical efficiency 


=24—3-96 = 20-04 amps. 
=20-04 x-l=2'004 volts. 
=218-08-2-004=216-07 volts. 
el„ 216-07x20-04 
VI ~ 220x24 

= •82=82% 

eI„-700 4328-700 

“ el„ ~ 4328 

= •838 = 83 8 % 


Mechanical efficiency 
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_ . el(,— 700 3628 

Overall efliciency =- — ~'J26x24~'^°^ 

=68'9%. Ans. 

Example 5. A sliunt motor running a centrifugal pump 
•takes a current of 30 amps, from 230V mains at full load. The 
field current is one amp. When disconnected from the pumj) 
and run light it takes an armature current of 2‘5 amps. If the 
armature resistance is '25 ohm what power did the motor 
supply to the pump. 

No load losses (f.e., Iron friction and windage losses) =W 
=2‘5 X 220=550 watts. 

Full load armature current 

=30—1 = 29 amps. 

Full load input to the armature 

=V1„= 220x29 watts. 

Losses =I„"R„4-W 

=29“x -25+550=210+550 
= 760 watts. 

Power supplied to the pump 

= Input — Losses 
=220x29 — 760 watts. 

= 6380— 760 = 5620 watts. Ans. 

Example 6. A 20 I-I.P. 220 volt 1000 rpm. shunt motor 
lias an efficiency of 90%, an armature resistance of '075 ohm 
and a shunt field current of i amps. If the speed of the 
machine is reduced to 500 rpm. by introducing a resistance in 
the armature circuit, the torcjuc of the load remaining the same 
find (a) the output of the motor, (b) the armature current, (c ) 
the value of the external resistance and (rf) ihc overall efficiency 
of the machine. 

At load of 20 H.P. the motor input 

=^^=22-22 H.P. = 16570 watts. 

Current input 1o the motor = -^^-=75 amps. 
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Torque 


Shunt field current =2 amps. 

Armature current =75 — 2=73 amps. 

T „ H.P.X 33000 20X33000X7 

^ 27rN ~ 2x22x1000 

= 105 lb. ft. 

Back emf. e =220—73 X -075=220— 5-47 

=214-53 volts. 

At 500 rpm. 

[a) The H.P. output of the motor 

Torque X 27rN 
33000'^ 

„ 22 500 

-105x2x ^ X 33000 

= 10 H.P. 

{b) We know torque =KIa'^- 

But as the flux and torque remain the same, therefore, tlie 
armature current Ia=73 amps. 

(c) The back emf. 

= A constant Xi^xN. 

The flux being constant and the speed being half the former 
value, the back emf. 107-26 volts. 

The voltage across the armature 
— ®d-IoB-a 

= 107-26+5-47= 112-73 

The voltage absorbed by the external resistance 

= 220-112-73=107-27 volts. 

... , . , 107-27 . 


External resistance =- 


-=1-47 ohms. 


(d) Motor output 
Input 

Efficiency 


= 10 x 746=7460 watts. 

=220 X (73 + 2) = 16500 watts. 
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Example?. A 4 H.P. 230 V. shunt motor i unning at 1,400 
ppm. has an armatme resisLanf e of 1 25 ohms and a shunt field 
resistance of 460 ohms. Its sti ay power loss is 125 watts, (a) 
Find the value of the armature cuncnt for which the armature 
efficiency is a maximum and find the value ol this maximum 
efficiency, (b) Find the overall maximum efficiency of the 
machine 

(a) The armatme efficiency will be a maximum when the 
stray power loss equals the armature coppei loss. 

Stray power loss —125 watts. 

If I„ is the armature current when the efficiency of the 
armature is a maximum 

Then I„2R„=125 

Vx 1*25= 125 

I„— 10 amps, 

The value of this maximum efficiency 

_230x 10-125- 125 
230X10 
= 89T%. 

(h) The overall efficiency is a maximum when 

Armature loss =Shunl field loss+Stivty power loss 

2^0 

Shunt field loss = , X 230 — 1 1 5 watts. 

460 

I„=R„- 1 1 5+ 1 25 = 240 watts. 


The value of the efficiency 


^Input-Ws^jQQ 

Input 

230x13 864-115-240-240 
230X I3-B6+115 
3188 1 115-4^0 _282’^ _ 
31884-115 3303”’^^ 

-=85-3%. Ana. 



CHAPTER XVI 


MOTOR STARTERS 
16-1. Starting of D.C. Motors. 

When a motor is at lest there is no back emf. in its arma- 
ture and when the machine is started, the back emf. is not 
established at once. If the machine at rest is directly connect- 
ed to the supply mains the currentflowing through the armature 
V 

will be where V is the supply voltage and the armature 

•tva 

resistance. This current is very large and the armature con- 
ductors shall be overheated if such a heavy current is allowed 
to pass through the armature. 

When the motor is running at full load, the back emf. 
e is nearly equal to the applied voltage and the armature 
current 



The armature is designed to carry this full load current 
and not the abnormally heavy current that will flow when 
the back emf. is zero. To avoid this large cut rent at starting a 
resistance is connected in series with the armature and gradu- 
ally cut out as the speed and therefore the back emf. increases. 

The value of the starting resistance is such that the motor 
develops sufficient torque at starting. As the motor speeds up, 
back emf. is generated anci the current and torque developed 
by the machine fall. It is necessary to tap the starting resis- 
tance at suitable points and connect them to studs on which 
the starting arm moves. 

For a shunt motor the starting resistance is connected in 
series with the armature only and not in series with the shunt 
field. In the case of a series motor the starting resistance is in 
series with the armature and the field. 


189 
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16‘2. Design of a shunt motor starter. 



D C SUPPLY 


Fig. 116. Shunt 'Motor Starting Resistance. 

There are n resistance elements and studs including 
the last stud marked m as the motor stud. 


Let B=Number of resistance elements. 

Ri=Resistance in the ai mature circuit 
on the first stud 1 including anna- 
turc resistance. 

Rj^Resistance in the armature circuit 
on the second step 2 including 
armature resistance. 

Rm=Resistance between armature 
terminals. 

Ii= Maximum value of current. 
l 2 =Normal full load current 
= Minimum value of starting current 
V=3Line voltage. 
essBack emf. 

At stud No. 1 the whole of the resistance Ri is in the 
circuit and we have : 


1 ,== 


Ri 


The motor starts and gains speed developing back 
The current falls to the minimum value I^. 


I, 


V-e 

Ri 



emf. 6. 


or 


...(0 



MOTOB STARTBES 


191 


Now the starter arm is moved to step No, 2. The resis- 
tance now in the armature circuit, including the armature 
resistance is Rg and the current rises to its maximum value Ii- 

I _V-e 
J-l 5 


From equations (i) and (*») 
Ii V- 


e 

- X:r.~ 


The various resistances in the starter should be such that 

j 

the ratio ^ is constant at all steps during starting. In the 
■^2 

same way the resistances on successive steps satisfy the condi- 
tions ; 

Ii ^ ^n-i ^ 

Ig Rg Rg Rg Rn Rn> 


j^l .Rb Rs Rn-1 R« JR.1 
■Rg^Rg^R*^ R„ ^Rm“R,„ 


n log K=log 


^ 1 Ri 

n log yl=lug^ 


...Eq. (16-1> 


^-Voin the above 


R 3 =y etc 


The value of usually equals T5 Ig. 

16-3. Design of a series motor starter. 

In this case the change in armature current also produces 
a change in the flux of the main poles. 
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There are resistance elements and »i+l studs including 
the last marked as the motor stud. 



Fig. H6. Sorias Motor Starting Kosistanoo 


Let, n= Number of resistance elements. 

Rj,=Resistance in the motor circuit on 
the first stud 1 including resistance 
of the armature and field. 


Rjj=Resistance in the motor circuit on 
the second stud marked 2 includ- 
ing aimaturc and field resistances. 
Maximum value of current. 

I 2 = Minimum vahie of current. 
tpi=Flux corre.sponding to It 
9 !i 2 =FIux corresponding to 
V=Line voltage. 

On the contact arm first touching contact 1 the current is 
maximum and 

Wlien the contact arm leaves stud 1 the motor has a back 
emf. E and the current is a minimum and E=V — IaRi 

When the arm touches stud 2 the current rises to the maxi- 
mum value It and the flux changes from (/jb^ to f/if As the 
speed cannot change at once the back emf E changes to E' 
due to the change of flux. 

R = 

E'-yE 



MOTOB. STABTEBS 


193 


Rj — Ra 

or 


V yE 
ii ii 

V _j/V 


V 

X h 
=XL-y^ 

ii ii 

+4^ 2/Ri 


(V-Ia Ri) 


=R.-!,R.+ |-R. [vi-K] 

=!,R.-|-E,=,R. (1-^) 
-SE, (l— ...Eq.(l6-2) 


The above equation gives a relation between the first re- 
sistance element of the starter and the total resistance in the 
motor circuit on the first contact stud. Let us now find the 
relation between the successive resistance elements fj, etc. 

When the contact arm leaves contact p the current is a 
minimum and the motor has a back emf. e volts and 

e=V-l2 Rj.. 

When the arm touches the next stud the curient 

rises to the maximum value Ii and the flux changes from ^3 to 

As the speed cannot change at once the back emf. changes 
from e to e' due to change of flux. 

c'=v-ii R„+i 
e _ V-IjR* 
e' V-IiR^Hi 
e _ V-I3 R^ 
ey V-Ii R,+, 

V-IiR,+i=y(V-l 3 R,) 

=2/V—?/Ia R^, 

IiRjiH—V — 2/V-l-y I3 Rj). * 

r. - V V , I2 

Rjl+l T y 1 “b?/ T Rjl 

•11 il -ll 

=Ri-2/Ri+yx ’ R, 


=-Rj {l-z/)+ -R„ 
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This is a general equation and is true for all values of 

and 

R^=Ri (1-^J) + I 

Rj, — Rj)+i=^^ (Rji-i Rp) 

Rjp— 

R|]— 1 R D — 

Therefore rj,= 

or f'p. ..Eq. (16-3) 

This shows that the successive resistance elements aie in 
geometrical progression, and the common latio is ~(say=a'), 

Ri=ri+»‘j-l-r3-(- 

A (Ul-.r-l..?a+ 

I - . 1 “ 

-fj -l-R«.- 

Hcncc Ri — R,rt — 7i. ^ ...Eq. (16-4) 

Rewriting Ec|. (16-2) 

»-i=?/-Ri(l- j^) 

- R, (K-1) 

=a!.Ri(K-~l) ...Eq. (16-5) 

Substituting this value of in Eq. (16-4) 

R,-R,„=Ri.cr. (K-I) . 
or . (K~l) . : - ...Eq. (16-6) 

Kj i — :K 

Example 1. A 20 I-LP. 250V shunt motor takes full load 
current of 70 amps. If the maximum starting current is not 
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to exceed 1'5 times full load current, find the number of steps 
required in the starting resistance and the resistance of each 
step. The armature resistance is ‘2 ohm. 


The total resistance in the circuit at the first contact 

R„i=‘2 ohm. 

R„. -2 


n log-~=Log 119 


Ix _ 

I2 

n log t‘5=Log 1T9 

iiXT76] = l 0755 
1 -0755 
T76 
K=T5 


=6 


Resistance element 


Ri=2 38 ohms. 

R2=2'38 X '667=1 '59 ohms. 
Ra=l-59x'667=l‘06 „ 

R4=1'06X'667='7 
R5=-7x*667 ='467 „ 

Ro='467x667='31 

R2='79 ohm. 
?'2==R2 — R3=‘53 ,, 

>'3=R3-R4=‘36 » 

?'4=R4-Rb='233 „ 

^6— Rs — Rfi— "157 5, 

^O — Ro RkI~ 11 J5 


Example 2. Calculate the number of steps for a shunt 
motor starter and the resistance of each step for a 6 H.P. 240 
volt motor capable of starting under full load. The starting 
current is not to exceed twice full load current nor to be less 
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than 1 '25 times full load current. Efficiency of the motor 
90% and its armature resistance '58 ohm. 


6 v746 

Full load current ~ 90 x 240 ^ amps. 

a 

Maximum starting current 

s=2x20’7=41'4 amps. 


Resistance in the armature circuit at the first contact 

=^5-8 ohm. 

Max. value of starting current _ 2 X 20’7 
Minimum value of starting current r25 X 20’7 


^ 2 

1-25 

1 2 58 

«■ log -1,^2 log 

n X -20 1 1 ==•' 1 
»=-5 


J I '25 

K ■" (2 


■625 


Rj — 5‘8 ohms. 

Ro — 5’8 X '625 ■=-3’625 ohms. 
Rj-- 3'625 X'625=2'265 ohms. 
R4=-2'265x-625-l'415 „ 

Rg=J-415x‘625= '884 ohm. 


Resistance element Rx — R2C=2'175 ohms. 

j-2=:R2— R3=1-36 ,, 

fa— Rg — R,= '85 ohm. 

R4 — Rr— '531 ,j 
^0=1^5' — 1^111““ '304 ,) 


Examples. Calculate the resistances of the steps of a 
starter suitable for a 450 V, 15 H.?. shunt motor having an 
efficiency of 85%, the starling torque needed being very low. 
The armature resistance is 1 ohm and the luaxiniuin starting 
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current must not exceed 1 '5 times full load current. There 
should be 6 resistance elements in the starter. 


Output =15 H.P. 

Full load current =y^-^^=29‘2 amps. 

450 X 85 ^ 


Maximum starting current 

= T5x 29‘2=43'8 amps. 
Total resistance in the circuit at the first step 

=Rj=j|^ = 10'27ohms. 

43-8 

n logK=log ^ 

6 logK=log 10-27 

logK=i!^=-1686 


K= 

1 


6 

= 1-474 
1 


K“ 1-474 ■ 


^-678 


Ri= 10-27 ohms. 

R2 = 10-27 X '678 =6'963 ohms, 

R3=6-963x -678=4-721 „ 

R4=4-721 X -678=3-2 
R5=3-2 x -678=2-17 „ 

R3=2-17 X -678 = 1-47 „ 

Resistance element »-i=Ri— R2=3-307 ohms. 

r2=R2-R3=2-242 „ 

?-3=Rg — R4=T521 ,, 

^4— Ri — R5=T03 ,, 
r5 = R5— R0= -7 ohm. 

!-(j=R({ Rnj= '47 j. 

Example 4. Calculate the resistance of the various steps 
and the number of steps for a 15 H.P 500 V series motor. 
Armature and field resistance is 1-25 ohms. Assume that the 
motor starts on full load with a current variation between 
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twice and 1'5 times full load value. Motor efficiency is 80%. 
Assume that the fluxes increases 1 0% when the current rises 
from 1-5 to 2 times full load value. 


Kw. input 
Full load current 


15x746 _ 
"•8x1000 
n-4x 1000 
500“ 


12-4 Kw. 


= 24'8 amps. 


Let Ri be the total resistance at start 




500 

24-8x2 


=-10-l 


ohms. 


ri the first resistance element 

('-k ) 


y-- 


1 

K 


^2 

L 


•75 


ri--I-IXl0-l( 1— J.)=2-8 


ohms. 


fa-^riX ^|=2’8Xl-lX-75 

=2'8 X •825 = 2-3 ohm.s. 
r., =2-28 X -825 = 1 '89 ohms. 
r,i=l-88x-825=l-55 ohms. 
’■)k~1'55x - 825= 1-27 ohms. 

The total resistance Ri comes to be 

?‘i+L!+»‘3-f »-a-|-»-m==2-8 -|-2-3-t- Fa9+ I •55-|- L25 
= 9'8 ohms. 

This is quite near the value of I O' 1 ohms, found at the 
beginning. 

Examples. A 10 h.p. 220 volt, scries motor has the 
magnetization curve given by 

I (amps) 60 48 36 24 12 0 

9^ (megalines) 0'750 0-675 0-562 0'4]2 0-180 0 
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Find the resistance of each of the 4 elements. The current 
limit is 60 amperes. The resistance of the motor is 0'5 ohm. 
What is the minimum value o{* current. 

I]^=60 amps. 

(/)j,=0‘750 megalines 

ohms 

^ 60 

Rm==0‘5 ohms 
n=4. 


Assuming 


Ri-R^ 3-66-0'5 


=0-864 


Ri “ 3-66 

different values of Ig, let us calculate 
(1 — .'t')’* 

a;.(K-l).■^ ^ 

^ 1— a; 


Is 

48 

36 

1 

24 

- -(i) 

1-25 

1-67 

2-5 

03 

0-676 

0-662 

0-412 

y=^ 

‘^03 

1-11 

1-33 

1-82 

V 

-89 

■796 

•728 

aj* 

0-627 

0-403 

0-28 

I— 1 

0-373 

0-697 

0-72 

1— a!^ 

1— a; 

1 

2-93 

2'66 

a!.(Is.— 11- — - 

•773 

1-50 

2-98 
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1 

Plot a curve between Ig and re . (K — 1) . -r . 

1— .T 

l-a;‘ 


1- 


Reading the value of Ij for which a;.(K— 1). 

= •864, 

we get Ia=46 amps. 

Minimum current =46 amps. 

K--4? = 1'3 

46 

The value of cji^ against Ia=46, (by plotting e 
between and I) is =‘66 

<i>-i '66 


a:= 


y M37 
K “ 1-3 " 


•874 


Substituting in Eq. (16-5) 

r^=-874x3-66x^3=-960!:i 
r2=-874x-96 =0^839a 
f,.= .874x-839=0^732f2 
r4=-874X’732=-640 


Ri-~Rm given 


Total 

=3-66--5 
=3^16. Ans. 


3’17! 


curve 



CHAPTER XVII 

EFFICIENCY TESTS ON D.C. MACHINES 

17-1. The efficiency of a D.C. machine can be determined 
by the following 3 methods : 

(a) Direct Method. 

(b) Indirect Method — Swinburn Method. 

(c) Regenerative Method — Hopkinson’s Method. 

(a) To measure the efficiency by the direct method it is 
necessary to measure the power input and output of the gene- 
rator. The efficiency can then be calculated. In the case of a 
motor the input can be measured by an ammeter and a volt- 
meter and the output deduced by loading the machine with a 
brake. 

The direct method is seldom used because it is a wasteful 
method. This is only adopted in laboratories for small machines. 

Brake Test on motor. {Rojpe brake). 

The common type of brake employed is the rope brake. 
The load can be regulated by the weight carried by the pan. 
The actual torque is given by 

T=(W-tt!)xR lb. ft. ...Eq. (M7) 

where W is the weight carried by the pan in lbs. 

tv is the reading of the spring balance in lbs. 

R is the effective radius in feet. 


= — (Dia. of pulley -t-Dia. of rope) 


Then Power output 


VNT 

33000 


...Eq.(17-2) 


where N— Rev. per minute 
Note. A belt can be used 
instead of a rope with two spring 
balances attached on both sides 
of it. The difference in the 
readings of the spring balances 
is then W— 


(&) Indirect method — 
Swinburn’s method. 


In this method the machine 
is not directly loaded. The 
copper losses are calculated by 
measuring the resistances of the 
various parts. The iron and 



Fig. 117 
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fiiction losses arc determined by measuring the input to the 
machine when it is run as a motor at no load at the rated 
voltage and speed This method can be used for shunt and 
compound motois. 

Shunt motor efficiency. 

Armature current at no load 

= I« 

Iron, friction and windage losses 

=VIo 


(The no load armature cojiper loss is neglected because it 
is very small) 

R„- Total resistance of the main motor 
cheuii (Armature, Blush contacts 
and Interpoles) 

R,;)= Shunt field resistance 


Then for a motor curient I 


I-T_ V 

R,a 


Armature citcuiL copper loss 


V2 


Efficiency 


VI- VR„~ -VI„ 

VI 


...Eq. (17-3) 

(c) Regenerative method or Hopkinson’s Test. 


In this method two similar direct current machines are 
needed. One of the machinc.s is run upto speed in (he normal 
manner a.s a shunt raolor. The other machine mechanically 
coupled to the motor is then excited to such a degree that it 
gives a voltage equal to the siqiply voltage feeding the motor. 

The generator is put in parallel with tlie supply system, the 
excitation being adju.stcd till the vollmcLcr V' reads /.cro and 
then switch S i put on. 

Under these conditions the geneva lor neither gives nor 
takes any current from the siqjply. Any desired load can be 
put on the generator by inc’iea.sing its induced cmf. This can 
he done by increasing the generator excitaliou or by decreasing 
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the motor excitation or by doing both adjustments. The 
current generated can then be used to help drive the machine 



Fig. 118. Ilopkinson’s Test on D.C. Bhiinfc machine 

running as a motor and the total current taken from the supply- 
system iSj therefore, simply that needed for the losses. 

During the test the supply voltage should be kept at its 
normal value and the speed should be the normal speed of the 
machines. 

At the end of the experiment the resistance of the armature 
circuits should be taken by ammeter and voltmeter method. 

The efficiency can be found as shown below — 

I = Current taken by the motor 
armature from the mains as read 
by Aj. 

l2=Generator armature current read 
by A2. 

13= Motor shunt field current read 
by A3. 

l4=Generator field current read by A4. 

Ii=Motor armature current =1+12. 

Motor armature circuit resistance 
(hot). 

ra= Generator armature circuit resis- 
tance (hot). 

Motor armature circuit copper loss 
==Ii% 
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Generator armature circuit copper loss 

Power drawn from the supply 

=VI 

Total Iron, friction and windage losses for the two machines 

= VI-([iVi-|-l2%) 

Iron friction and windage losses for each machine 

I 


= ^[vi-(ii%+w ]^W 


Motor Input 
Motor losses 

Motor Efficiency 

Generator outpttt 
Generator losses 

Generator efficiency 


=VIi-[-Vl3 
-W + I,%+Vl3 
_ (Vlt+VIal-fW-l-IiV.+VW 
- - VI1+VI3 

...Eq. (17-4) 

= Vl2 

-W-hla^-l-VIi 

VI 


Example 1. In a br’akc tost on a 5 H.P,, 500 volts shunt 
tmotor the following readings were olrtained : — 


Effective dia. of brake drum 
-15" 


Speed 

Supply volts 
Armature current 
Field current 


W-32'4 lbs. 
<y-6-l Ib-s. 

1600 I’.p.m. 
-500 

=S'5 amps. 

— ’5 amp. 


Determine the efficiency of the motor. 

Torque T-CW-w}R= (32-4~6T) 
-■16-4 lb. ft. 
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Power output 


Power Input 


Efficiency 


_ 27rNT _27rXl600xl6'4 
33000 33000 

=5 HP. 

=5x746 =3730 watts. 
=V(I„+E^) watts. 
=500(8-5 + -5) = 500x9 
=4500 watts. 

3730 

= ™x 100=83%. Ans. 


Example 2. In a brake test on a shunt motor the following 
readings were taken. 

Supply voltage =220 volts. 

Motor Input current =17 amps. 

Speed = 1500 rpm. 

Load on one side of belt 

=90 lbs. 

Load on the other side=30 lbs. 

Effective dia. of pulley=6 inches. 

Calculate the torque, BHP and the efficiency of the motor 
Torque T ={'W—w)xR lb. ft. 


BHP of the motor 


=(90-30) X:^ =15 lb. ft. 

^2x^x1500x15 

33000 


Efficiency 


=4-28 H.P. 
_^28x 746_ 
220xl7'~ 


84-8%. 


Ans, 


Example 3. A. D.G. 230 volt compound machine has 
the following particulars : — 

Armature and Brush contact resistance 
= 2''2 ohms. 

Shunt field resistance =4-60 ohms. 

Series field resistance =*25 ohm. 
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Wlien the machine is run light as a motor at its normal 
speed and rated voltage, it takes an armature current of -6 



amp. Find its overall efficiency, connected long shunt com- 
pound and used as a generator delivering (a) 1'5 Kw. (6) '75 
Kw. The resistances given are at the normal working 
temperature. 


(a) Current output when power delivered 

1500 ^ ^ 

= 230 


JS 1 J xvw. 


Shunt held loss 


230 

=,^„X230--=115 watts. 
460 


Armature current 


= 6'5d- 


230 

460 


=7 amps. 


Armature and series field lo.ss 

=7x7x(2-2+’25) 
= 120 watts. 


Iron, friction and windage Josses 

=230x‘6=138 watts. 


Efficiency 


_ output 
. output + losses 

_1500 _ _1500 

” 1 500 + 1 1 5 + 1 20 -l-'l 3 8 ~ 1 873 
= •8=80%. 


i(6) Current output when power delivered is '75 Kw. 


750 

230 


=3’25 amps. 
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Armature current =3‘25+*5=3‘75 amps. 

Armature and series field loss 

= 3'75®X 2‘45=34'4 watts. 

17m ■ _ 750 750 

Efficiency ^ ^ ^ ^g— 

=*723=72-3%. 

Example 4. Find the overall efficiency of the machine 
of example 3 connected long shunt compound and used as a 
motor giving an output (a) 4 BHP, (b) 2 BHP and (c) one 
BHP. 

(fit) Shunt field loss =115 watts. 

Iron) friction windage losses 

= 138 watts. 

If la is the armature and series field current when the 
machine gives an output of 4 BHP 

230 Ia-2-45 V-138=4x746=2984 
230 la-2-45 I,,2-3122=0 
-2-45 Ia'+230 Ia-3122=0 

T _ -230± V 230^-24x1-45 x3i22 
“ -4-9 

-230± ^129002-10595 

- _4-9 

-230± a/^305 

- _ 4’9 

a _16.5 ,„p, 

_4-9 4-9 ^ 

Armature loss and series field loss 

= J 6-5® X 2 - 45 =667 watts. 

Total losses =115+138-1-667=920 watts. 

_ 2984 _^2984^ 

~2984+920 3904 

=76-4%. 


Efficiency 
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{h) In this case the value of I„ shall be obtained from the 
equation 

-2-45 I„M-230 I„- 138=2x746=1492 
-2'45 V 4.230 I„- 1630=0 

_ -23q± V 52900-^5^4 
“ -4.9 

_ — 230± \/3pl6__-230±192 
4-9 ~ 4-9 ~ 

' =-^,g = 7’76 amps. 


Armature and series field loss 

=7'76®— 2*45=147 watts. 


Total losses 
EITiciency 


= 115 + 138+147=400 
^ 1492 _1492 

1492+400 "1892 


= •788=78*8%. 

(c) In this case the value of I,i shall be obtained fiom the 
ec[uation 

-2*45 IaH-230 I„-138=746 
-2*45 V+230 1,-884-0 

_- 230 + \/ 52900 - 4 x 2 * 45 x 884 
-4 *9 

_-230rl V 52900 +663 

- 4-9 


- 230 + \/ 4 -i 23 7 - 230+210 
- 4*9 ' 4*9 

"■>9 

Annattii’c and series field loss 

= 4 * 8 ^X 2 ' 45 = 40*76 watts. 

= 1 1 5 + 1 3 8 +40 ■ 76 = 293 * 76 waits. 

746 746 

~' 74 ” 6 + 293*76 1039*76 

=•718 = 71 * 8 %. J?M'. 


Total losses 
Efficiency 
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Example 5. In the Hopkinson’s test on two similar 
shunt machines the following test results were obtained : 

Current taken by the motor armature from the mains 

=¥=40 amps. 

Generator armature current=260 amps. 

Generator field curr€nt=5 amps. 

Motor field current =4'4 amps. 

Armature resistance of each machine==0‘05 ohm- 
Line volts. =460 volts. 

Find the efficiency of each machine. 

I = Current taken by motor armature from the line 
=40 amps. 

Generator armature current =260 amps. 

Ii =Motor armature current=260 4-40=300 amps. 
l 3 =MoLor field current =4 "4 amps. 

14 = Generator field current =5 amps. 
r^=r2=0'05 ohm. =Armature resistance of each. 

Iron, friction and windage loss per machine 

=W=y[vi-(Ii%+lV2'] 

=^[”460x40 

- (300" X ■054- 260® X -05)1 

=5260 watts. 

Motor input =VIiH-Vl 3 

= C460X 300) +{460x4-4) 

= 13800042040=140040 watts. 

Mo tor losses = W + Ii+i + VI3 

= 526044500+2040=11800 watts. 
140040-11800 128240 

Motor efficiency ■~T4~0040 "140040 

= -916=91-6%. 
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Generator output =V ]2 = 460 x 2(50 — 119600 

Generator losses =^W+l 3 V 2 4-VIi 

= 5260+3380+460x5 
-- 10940 walls. 

„ „ . 119600 119600 

Generator ofBacncy - ,,9600+10940 '=130540 

= -9l6=9l'6%. 

Example 6. The Hopkinson’s test on two similar shunt 
machines gave for full load the following results : — 

Line voltage =200 volts, 

Line current excluding held cnrrcnts=10 amps. 

Motor armature current =70 amps. 

Motor field current one amp. and Generator field current 

= 1‘2 amps. 

Armature resistance of each machine is 0*2 ohm. Calculate 
the efficiency of each machine. • 

I = Current taken by motor armature from linc=10 amps. 
Ii= Motor armature current —10 amps. 

Ig=Generator armature currcnt=Ii — I — 60 amps. 

I 3 = Motor field current=l amp. 

l 4 =Generator field currenl=l‘2 amps. 

ris=:r.j= Armature resistance of each machine=0‘2 ohm. 

V= line voltage =200 volts. 

Iron, friction and windage loss per machine 

=.W=i-[vi-(+«rj + P„r2)] 

=-i[200 X 10-(70'J X -2+608 x -2) j 
= 150 watts. 

Motor input =VIi+Vl3=200x70-f'200x 1 

= 14200 watts. 

Motor losses =W+IiVi+Vl 3 

= 150+708 X '2+200x1 
=“1330 watts. 
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Motor efficiency 

Generator output 
Generator losses 

Generator output 


^142^0- 1 1287 0 

14200 ""14^0 

=■906=90-6%. 

=Vl 2 -= 200 x 60=12000 watts. 
= W + l22f2-pVl4 

= 150-l-602x -2+200x1-2 

= 150+720+240=1110 watts. 

1_2000 12000_ 

12000+1110~13110~‘^ ^ 
=91-5%. Jns. 
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PARALLEL OPERATION OF D.C. GENERATORS 

18-1. When supplying a large load it is usual to instal 
a number of small units rather than one large unit capable of 
dealing with the maximum load, d’he former arrangement has 
the advantage that the number of units running can be varied 
with the load so as to maintain individual generators at 
approximately full load or near about the load that gives highest 
efficiency. It has the additional advantage that the power 
station is not seriously crippled owing to the breakdown of one 
generating unit. 

18-2. Shunt generators in parallel. 

Shunt machines when run in parallel are sInbJc in their 
operation. They divide the load among themselves according 
to their capacities and load chatacleri.stics. For small changes 
of speeds the electrical interaction of the machines tends to 
equalise the speeds and loads of the machines. 

Suppose two machines Mj and Ma erpially loaded are ope- 
rating in parallel. If the prime mover of machine slightly 
slows down in speed then its ernf. will fall and M.j shall be 
taking a larger share of the load. Because a smaller load is 
being taken by Mi the voltage drop in the armature of Mi will 
decrease and so also its arinaturc reaction. Both these will 
tend to raise its emf. and terminal p.d. On the other hand, the 
greater load on machine M.^ tends to decrease its emf. Thus 
the two machines tend to equalise. 

Switch Boards. 

The machine.s when connected in parallej arc connected 
through switches, fuses, and other protective devices mounted 
on panels as shown in fig. 120, 

18-3. Compound generators in parallel. 

In this case equaliser bars arc used to connect the scrips 
fields in parallel. The eirccl of the equaliser is to divide the 
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load propel ly between the generators. Without the equaliser 
the machines are unstable. 



FIELD 

Fig. 120 

Switch board diagram for operating two shunt generators in. parallel. 

If there is no equalLser connection and the speed of one 
generator .slightly goes up, then its voltage increases and it 
takes a gieater share of the load. This greater load strengthens 
its series field further and further raises its emf. and the load. 
Thus this generator tends to take up the entire load and to 
operate the other machine as a motor. 

If the equaliser connection is provided the increased speed 
in one machine increases its voltage and current output. But 
the increased current output instead of flowing through the 
series field of one generator divides itself at the brush, a part 
flowing through the series winding of each generator. Thus 
the voltage of each generator is equally increased and the equili- 
brium is not disturbed. 

To start and connect a compound generator in 
parallel. 

The field resistance should be in the maximum position 
when the machine is started. When the machine has come to 
normal speed, cut out the field resistance till the voltage is 
normal or equal to or a trifle above that of the bus bars. Now 
put on the equaliser switch first and then the two other switches. 
If a 3 pole switch is used, all the three poles are, of course, 
connected at the same time. 
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Two or more ideiiticcil compound machines with equaliser 
bars distribute the loads equally among themselves at all loads. 



Kig. 121. 

Hwitoh boiu'd diagram for operating two coxnpouncl generatoifi 

in para I lot. 


There is difficulty if the characteristics are din'erent. Com- 
pound generators of dillcrcnt types can work satisfactorily in 
parallel, if both the machines have the same degree of com- 
pounding or* over compounding when running sc2taratcly, 
otherwise the machine with the highci' degree of over com- 
pounding will lake the greater load. 

Example 1. Two separately excited generators arc operat- 
ing in jDarallel and snpjoly ccpial currents at a terminal voltage 
of 1 20 volts to a load resistance whose value is ‘4 ohm. Gene- 
rator A has an armature resistance of '04 ohm. and generator 
B ‘05 ohm. The machines are driven by sejDartUe prime movers 
at a constant speed and the field cxcitatioms are constant. 

(a) What will I)c the terminal voltage and the emrent 
supplied by each machine if the load resistance is changed to 
one ohm. . 
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(b) What will happen if the load is taken off the system. 




/sIp'I 4 ohm 

Xj 


Fig. 122 

Current supplied to the load 

120 


•4 


300 amps. 


Current supplied by each machine 
= 150 amps. 

EmfofA =120-fl50x-04=126V. 

EmfofB =120+150x-'05=127-5V. 

(a) If the load resistance is one ohm then 
Current supplied by machine A 

126-V 


=Ii= 


common voltage 


•04 

127-5— V 

Current supplied by 3=1.^= “iQg- " > 'where V is the 


V 


Ii+l 2 = 1 ^, Ris the load resistance 
126-V l127-5-V V - 

or ,04 +-.05 =-j-=V. 

3150~25V+2550-20V=V. 

46V =5700 
V=123'9V. 

126- 123’9_ 2-1 
•04 


Ii= 


=-04 =52-5 amps. 


, 127-5-123-9 3'6 

V 


=i23'9 amps. 
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(b) When the load is taken off. 

Resultant enif in the aimaturc circuil 
= 127-5-126 
=:1-5V. 

Resistance in the armature circuit 
==-04-h-05 
= •09 ohm. 

Circulating current in the armatures 

== =16 6 amps. 


Example 2. Two D.C. .shunt generators are connected 
in parallel and supply jointly a total load of 1000 amps. The 


t 

20 ! 
oms\ 

Isb, 1 

-r 


^ 1 


-woo AMPS 



25 1 
OHMs\^ 



V 

1 

1 

^ / 


1 


/ 

1 


( 





i 


12:( 

machines have armature resistance of ‘05 and '04 ohm, field 
resistances of 20 and 25 ohms and give cmfs. of 440 and 420 
volts respectively. Determine (n) the cm rent and power output 
of each machine {b) At what total load current will the termi- 
nal voltage be 410 volts. 

(a) Let li and la be the cm rents sup plied to the external 
cil'cuit by the two machines ic.spectivcly and lot V be the 
common terminal voltage. 


f 1 + fr— 1 ^^00 amps. 
V 

Lt/l” 20" 


V 

25 


_440-V _420-V 

La- .05 >La---.-04 


ll— Lil IsAl' 


^8h2 


440-V_ V 
' -05 20 

__420-V J/ 
"" -04 “ 25 
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/440-V 

I 


V' 

20J 


\ /420-V Vn 

)+(-04— = 


88 0— 20V — -05 V -I- 10500— •25V— •04V =1000 
V=405^85 volts. 


Ii= 


_440-405-85 405 85 
20 


•05 


= 662 7 amps. 


420-405 8 5 405 85 _ 
- -04 25 

Output of Machine ^ ^=269 Kw 

Output of Machine 2=- ~j^qq =137 Kw 

(6) When terminal voltage is 410 volts 
440-410 ?0 


.05 

_42q^-4J0 
”•04 ■ ' 


•05 

JO 

■04 


=250 amps. 


T 410 - - 

—20-5 amps. 


f 9^2" 


4|0 

"25 


= 16^4 amps. 


Ii=I«i --I„/a=600-20 5=579-5 amps, 
fs— Ins — I;//i2=250 — 16-4=233-6 amps. 

Total load current =I],+l2=579-5 + 233-6 = 813"l amps. 


Example 3. Two D. G. generators are operating in 
parallel. Their characteristics may be represented by straight 
lines joining the points 235V, 41 amp., 260V, Uamp. in the case 
of one machine and 220V, 50 amp., 280V, 0 amp. in the other. 
Determine the current of each machine and the voltage of the 
coml^ination for total load currents of (a) zero, (6) 3u amps , 
(a) 50 amps. 

1st Method. (Galculation) 

Machine 1 : Voltage drops by 25 volts when current 
increases from zero to 41 amps, or 6 volt per amp. 
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Machine 2 ; ^''olta!re dropsby 60 volts when current rises 
'fioni 0 to 50 aanph, or I '2 volts per amp. 

(a) Load cuiicnt— Zero ; ifVjs the common terminal volt- 
age and I] and Ig the respective currents supplied by machines 1 
and 2, we have 

260--6 1 i -=- 280 - 1-2 

or h 2 l 2 -- 6 Ti -20 

Multiply by 


Also 


L--' 5 I 

h + 1 


_ 50 
^ '3 ' 

,=0 


I '5 Ii= 


50 

3 


^ 1 “ 


! 00 _ 

■9 “ 


— II’ I amps. 


This shows that machine I receives a (.urrent of 1 1'l amps, 
■and machine 2 delivers a current of 1 1‘1 amps. 

The tei'inlnal p.d. V-280 'l•2xll■l 

■ 266‘7 volts 

(b) Load curicnt is 30 amps. 

Here L l-lj- 30 


1-5 1 


1 


30- 


50 _ -10 

3 3 


T^.= 8’9 am])s. 
Ig---30-8’9r^2I’l a]np,s, 
V=260 --Gx 8’9--254’6 voll.s. 




Load cun cut 50 um])s. • 


L ~'5 


50 

50 

3 
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r5I,= 50 


50 


"3 


T -200 


= 22-2 


amps. 


12=50— 22‘2=27'8 amps. 
V=260 — ‘6 X 22'2=246’7 volts. 


Method 2 {draphical). 

Curve I shows the external characteristic of machine 1 
and curve II 'hat of machine 2. To draw the combined exter- 
nal characteri.stic of the two machines draw a line O'G parallel 
to OX. cutting curves I and II at a and b respectively. 
Make O'G equal to 0'ffl-|-0'/'. Then G is a point on the 
composite characteristic. Similarly mark another point on the 
composite characteristic, join the points and produce on both 
sides. 


{(i) Load current zero. 

The common terminal voltage as shown by point A on 
cuive III where it cuts the axis OY is 267 volts. Draw a line 
parallel to OX from point A. It cuts curve I and curve II at 
— 11 and 1 1 amps, respectively. Thus when the load current 
is zero, machine 2 gives out 1 1 amps, and machine 1 receives 
1 1 amps. 

— ] 1 amps. 

12=+ 11 amps. 

(b) Load current 30 amps. 

Point B on the composite characteristic shows this point. 
If a line parallel to OX is drawn from this point it cuts curves 
I and II at 9 and 21 amps, respectively. 

Gomraon terminal voltagc = 225 volts. 

Ii=9 amps. 

12=21 amps. 


(c) Load current 50 amps. 

Point D on curve III represents this point and a line 
through this point parallel to OX gives 

Gomnion terminal volLage=246 volta 

Ii=22 amp.s. 

10=28 amps. 
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Fig. ]21: 


CURRENT 
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Example 4. Two shunt geneiators with emfs 120 and 
1 15 volts, aimatuie resistances ‘05 and 04 ohm and shunt field 
resistances 20 and 25 ohms lespectively aie running in parallel 
and supply a total load of 25 Kw. What portion of this load 
does each machine supply. 

Let I„i, I«a be tlie respective armature cuirents of the two 
machines, 1,^ and 1,,,^ the respective field cuirents and V 
the common teiminal voltage 

. _120-V 
05 

_1J5-V 

-04 

i,hi 20’ 

^''*=”25 


(.hnrcnt supplied to the load by the two machines 
^1 20-V V ^ 1]5-V V 


-(15 ~ 20 ^ 


V. 05 
115-V V 


20 


•04 


•05/ 


amps. 


=25x1000 


04 25/ 

V=[2400-20V- •05V-t-2875-25V- •04V] =25000 
V[5275-45 09 V-= 25000 
~45•09^^M 5275V-- 25000=0 

y ^ - 527 5 + V5''^5“ 224 X 45^9’>r25000 


90 18 


V=n2V 


Load cunent supplied by 1st machine 
__I20-112 IJ2 
~ -05 ” 20 

= 160—5 6=154'4 amps. 
Load cm lent supplied by the second machine 
__1!5-1I2 112 
04 25 

._75 ~4‘48 =70‘52 amps. 
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Example 5. Two generators running in parallel supply a 
total load current of 150 anips. 'I’hc terminal p.d.ol'one 
machine falls from 250 volts, on no load to 234 volts when its 
current output i.s lOO amps. The terminal p.d. of the other 
machine falls fioni 250V. on no load to 230 volts when its 
current output is 80 amps. The external citaracteristics are 
rectilinear, Find the current output of caeli machine and the 
terminal voltage. 

Method 1. {By Galutilaiion) 

Machine I ; 

Voltage falls 16 volts for a current of 100 amjrs, 
or '16 volt per amp. 

Machine 2 ; 

Voltage falls 20 volts for current output of 80 amp.-, 
or '25 volt per amp. 


250--16Ii=-250--25l2=:V 
■16Ii--25]a=.0 
■64I^~Ig = 0 

But IH-13-=150 

T64I, = 150 

T~91'4 amps. 

la—. 150 — 91'4==58'o amp,s. 

V=250-'25Ia 

==25O--25x58'6^-250~14'65 
=235'35 volts. 


Method 2. (OraphicM) 

The external characteristics of machines I and 2 arc drawn 
as shown by I and 11. 1 hen the eoihjjosile external charac- 

tenstic in IS drawn. The current of 150 amp,s. is marked as 
point C. on curve III and the teiTOirial voltage 235*5 V read off. 
The currents supplied by individual machines for thi.s voltage 
are read off from characteristics 1 and 11 as 58 5 and 91 '5 amps 
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Example 6. Two D C. shunt generators of 100 and 75 
iCw capacity opeiatem paiallel. Then external characteristics 
are as lollows ; 


100 Kw machine I 

0 

100 

200 

3L0 

400 

V 

2Go 

264 

201 

257 

2:0 

75 Kw machine 1 

0 

lOO 

200 

300 


V 

265 

263 

258 5 

250 



(«) They share a load of 400 amps. What is the current 
supplied by each machine and what is the common bus-bar 
voltage. 

(?)) The load of 400 amps, is lequiicd to be shifted to the 
100 Kw inaihinc and the 75 Kw machine is to be taken off the 
bus-bar.s. Find the teiminal voltage of the generator when this 
is done by {>) intreasing 1 he excitation of the bigger machine 
(n) clcci easing the excitation ol the smallei machine. 

Ihis can only be .solved giaphically. Plot the external 
chaiactcristic emves 1 and II foi the 100 Kw and 75 Kw 
mac limes. Then idol the composite external curve III foi the 
machines. 

(f() Point C on ciuvc III leads 400 A. and 260 V. The 
coiniiKiii tciiiuii.il volt.igeis 260 V. 

The 260 V. hue cuts cuivcs I and II at 230 and 170 amps. 

L'nizcnls siippliecl by the machines arc 230 and 170 amps, 
icspec tivcly 

(/;) (0 'Idle Lciiiiiiia] voltage of 110 Kw generator on load 
should be laiscd to 265 V and it will tairy thetolalload of 400 
amps. 

(r/) I’lic tciniiiial volt.ige of the 75 Kw machine should be 
icdutcd to 250 V, on no load so that the total load of 400 A is 
shifted to the 100 Kw machine. 

Example 7. A batlciy whose emf is 1 10 volts and internal 
lesislancc ■12<Jhmis being charged by a shunt genci'ator the 
cxtcairil ch.uaclciistii ol which is ; 

Cun cut 0 20 40 60 80 100 

Teirumalp.d. 125 124 122 5 120 116 111 

(а) Find the diaiging cun ent that is being taken by the 
battel y. 

(б) What resistance .should be connected in senes with the 
batteiy circuit to leduce the charging curient to 40 amps 



yOi-TS 
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(a) Plot the dynamo external characteribtic as shown in 
Fig. 127. 



Fig i;!7 


A runent of say 100 amps to How lluough the battery 
requires a voltage of 1 10 + 100 X ■12— 122 volts. 

Draw tlie batteiy charge line AG coiincxtmg point A 
(O'A, llOV) and G(100A, 122V). The line AG cutsihc curve 
at point ID whic'li gives the charging cun cat as 70 amps. 

{b) Foi a chaiging cinicnt ofdO amps the battciy charge 
line should cut the dynamo chauictcristic at point D' represen- 
ting '1 0 amps The total lesistance m the battery cheuit now 


D'B' 12-5 
40 '■‘40’ 


'3125 ohm. 



VOLTS 


in 


PAUa] LJ*L OPEKATION op D. C. QPJJERATORS 

BatLeiy resistance ='12 ohm. 

Resistance to be connected in senes 

='3125 ■12=-1925 ohm. Ans 

Example 8. The teimmal voltage of a generatoi falls 
unifoinily from 250 volts to 240 volts when the current output 
IS 80 amps It is connected to a load m parallel with a battery 
having a constant cmf of 245 volts and an internal resistance 
of 0 1 ohm Find how a load of 120 amps would be shared. 



Jj’ig. 128 . 
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Draw the external characteristic I of the generator by 
connecting points 0 amp. 250 V. and 80 amps. 240 V. and pro- 
ducing p.d. across the loattery when its output is say 80 amps. 

=245-80x- 1 = 237 volts. 

The battery external characteristic II is thus obtained by 
joining the point (0 amp. 245 V.) with the point (80 A. 237 V.) 

The composite external characteristic III is then drawn 
by adding the currents delivered by both the dynamo and the 
battery at dilTercnl voltages. 

The 120 amps line cuts the composite external charac- 
teristic at 240‘5 volts at point C. This 240'5 volts line cuts 
characteristics I and II at points A and B representing 75 
amps and 45 amps as the currents dclivei ed by the generator 
and battery respectively. 

Example 9. Four compound generators operating in 
parallel supply a load of 1600 amps. The resistances of 
armatures and scries field windings of the various machines 
are given in the diagram. The excitations are so adjusted that 
the emfs of the machines are as indicated. Find the current out- 
put of each machine, the current in each seetiou of the equaliser 
bar and the bus-har voltage. Neglect .shunt field currents. 



z^ov a^wv asw a-tov 


ti h As ^^1 

I-'JK. 

Let V be the bus-bar voilage and 

?!= Voltage between equaliser bus-bar and ncgtilivc. 

Ij, Ig, I 3 and T,i=Gurrent output of the inaehinc.s, 

Then Ii + Ia+Isd- I 4 --I 6 OO 

240- w ^0-?; 237 243--w 
■01“"+ -01 + -015 + '015 " 


1600 
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Divide by 100 throughout 

240- y-|-240-«+15a -^+162-— = 16 

3 2-w=784 

?^=235'2 volts. 

, 240-235-2 

Ii — .jjj =480 amps. 

- 240-235-2 ... 

la= ~-01 — =480 amps. 

237-235-2 ... 

=120 amps. 


l3 = 


, 243-235-2 ,,, 

I 4 — — =520 amps. 

The total ruri-rnl of 1600 amps divides amongst the series 
windings in the ratio 

1 I _1 1 , , „ „ 

•004 ’ -004 ’ -006 ’ -006 ^ ^ 

Current') in the sctie.s winding, s arc 

480, 480, 320, 320 amps. 

Cttrrenl in (‘qvaliitar bun-har. 

Section AB =-0 

„ HC =0 

CIO =520- 320=200 amps. fromDto G. 

Bus-ha r voltage V /M-drop in any series winding 
2.h5 2-1-480 X -004 
= 237-12 volts. Ans. 

ExaiMple 10. 'I'wo over compounded generalons rated at 
100 and 200 Kw tire excited such that each has an open circuit 
voltage of 220 volts. 'I'hc machines are then connected in 
oarallel and together they supply a total load of 200 Kw. The 
full load voltage icgnhitions arc 4% and 3% respective y. 
Assuming a straight line relation lidween the load and the 
t enninal volltige find tlu- load lalcen by each and the terminal 
voltage. 

Note. X’ollagc Regulation at full load 

Pull load voltage— No load voltage 
No load voltage 
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Let VVi be tlie load on ICO Kw machine 

Wa the load on 200 Kw ninchinc and V tlic common 
terminal voltage. 

'04x220 

T'hen Wj X =Tncrca,sc in the p.d. of machine 

no. 1 

■03 X 2-'0 

WaX --IncriMtc in the of madiine 


and 


As V is the c.ominon tcnnin.il voltage 

TAT ^ ^ nT b'ii 

w.x |„o =-W,x 


or 

and 


... f)'6 100 

W,— WoX 2QQ X 

Wi 4-W2=200 


no. 2 


fW., 


W.j+VVa=-200 


8 


Wa==-200x , , =145'4 Kw. 


Wi=-20()- ]45'4-54'6 Kw. 

V - 220=^^'^ ^ ‘ =-4-8 V 

200 ■” 200 

V =220 4-4'8=^ 224-8 volt.s. Am. 
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D.C. TRANSMISSION AND DISTRIBUTION 


19-1 • 15y iJMiisniiltinfT and distrilniting system, or network 
is meant tlic ra,l)le.s, connections etc. hy which the electric power 
is conveyed iroin llie switch l)oard in the central station to the 
places wlieu' it i-s to lie used. These cost nearly as much as the 
machinery in the cential station. The conditions to be satisfied 
by such !i system are — 

(a) The ninximmn enrrent flowing must not over-heat the 
conductors and their in.suhitiou. 

(1)) '^Idic 11 . d. lielwecn the mains at all points where power 
is used must he uiaint.iincd within certain limits- 

(«) The jinwer wasted in it must not exceed a moderate 
percentage of (lie power tiansniitled. 

(r/) The cost ol' network luiust not be very high. 

19-2. Voltage drop and Elficiency of transmission. 
Voltage tlrop or “Droji” means the difTercnce between the 
voltage ,it tiu' busbars and that between the mains at sosne 
other place. In (he simple, st case of transmission by two wires 
each of re.sistanre R ohms going to a single place of utilisation 
the drop is 2IR where I amps is the current transmitted. The 
drop at any smaller distance shall be less in proportion as the 
value of R shall be iirojKirtjoiKUcly less. 


ElTiciency of transmission 

Power given out at the rec eiving end 
bower input from the supply station 

If F/ and It be the voltage.s at the receiving end and the 
supply station rc,s])ceLivcly> 


Enicicney 


FT_K-2TR^. 2IR 
""FI” K " ^ 'E 


=i(^100— X 100 ^ per cent, 
or Percentage dlicicncy^lOO-Pcrcentagc drop. 


231 
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Voltage aiirS slastaiace of transmissioni. 

If the clinlance of transmission is increased and no other 
change made, the droji is increased in the ratio of ttie distance, 
The clliciency of transmission is dccicascd. If tlie cli.stance is 
clouhled llien ihe elliciency would beu'dneed horn 95'h) to 90% 
or fjoin 90'’ to Ht)",,. 

If it is desired to inaialain (he eirieieury at its former value 
then tw'o methods are available ; 

(o) Increase the ero'-s-scetioii of the coiiduc'iois in [)rnpor- 
tion to the incicaae of distanec thus kecinn;> their resistance at 
its former vidiic 'fhe voltage drop for a given eurreat then 
remains tlve same and the ellieicney icmains naalleri'd. In this 
method the amount of copiier used for the Kindaetoi's hicreases 
as the square of tiic disUiacc. 

{h) Increase tlic voltage iu itroportioa to tlic distance. 
With tlie same current and rross-.scetion of the eal)lcs the voltage 
drop 2IR incrca.soH as the di.slaiiee. 'riic ]x;rccnf.igc drop 
2TR 

,, X 100 remains xuialtcrcd hccau.sc both the nuxnerator and 

denominator increase in tlic .same proportion. Tlie clliciency, 
therefore, remains a,? before. 


19-3. Voltage and weight of conductor. 

When the power tran.sinitted, the distanee and ]i()wer lo.S5 
are fixed the weight of cundaclors varies inversely a.s the square 
of the voltage. 

Let P— Power to be transmitted 


lsj== Voltage 
T( = r!urreiil 

2Rj Resistuia (■ of Ihe two contliielors 



-2Ii2R, 


Power loss Pj, 



J>. C. TBANSMISSIOW A'^'D llISTBIBtTTION 


23 ? 


]Mow jiHsunic lliBl tlic voltage is increased, to E 2 J tlte power^. 
distance and power lost remaining the same. 


Current 
Power ioss 


P 
K2 

- =2I,®R, 

2T/-‘Rr-=2l2^R3 

■ R, 




Ra 




Ei^ 


'I'Jiis shows that llte conductor resistance varies directly as 
square of the voltage. Bvvt the volume or the weight of 
copper in (lie conduetor of a given length varies inversely a& 
the rrsistanee. l^cl weight of copper in the two cases be Wj and 
Wg. "Phen 


W_i 

w;/ 


iV 


Therefore the conductor weight varie.s inversely as the 
square of the voltage wJien power, distance and loss are fixed. 
If the voltage of a .system is doubled the weight of the con- 

. /” I 1 

duclor.s needed is 2 ' J of the former value. 

19-4. Two wh’e and three wire systems of distri- 
bution. 


Tiu; voltage msed for distribution is settled mainly by 
lighting eon.slderations. In the United Kingdom 230 V. is the 
standard and in llie U.S.A. IIOV. is usual. For lighting 
by incandt^sc enl latnjw liiglier voltage necessitates more fragile 
fiiamcntK. 


In the ilux'.e wire .system the clistiihution voltage is double 
that ajjjilied lo the. kimp.s. It thus combines to some extent the 
advantages of hig'h pressure distribution and of low pressure 
lanip.s. TJimx' are three inaias, the positive, the negative and 
the lunitial, Kome.tiuu'.s ealU'd the middle wire. The positive 
conductor i.s maintained at a certain prc.ssure above the neutral 
wire and the ucfpitivc at tlte same pressure below the neutral. 
Thus the voltage belumen the outers (positive and negative) is 
twice, that bthween citlior of them and the middlewire. Lamps 
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are connected between either outer and the neutivd, while the 
motors can be connected in the same wtiy or directly across the 
positive and negative. 



~c-ARrh 


Fig. i;iO. Tim lluci) « Iff! .sy-iloin. 
G arc generators, M aic inotois. 


Balanced and unbalanced loads. 



Fig. Ittl. Tlii'ofi Imlttiicod ayrtlom 


The .sides of the system arc .said to lie balanced when the 
total load on each side of the system is tlio same. Figure 131 
shows 15 amps, taken by load ‘a’ connected between the posi- 
tive and the neutral and the .same current taken by load ‘ft’ 
■connected on the negative side. Under these conditions the 
current in the neutral conductor is zero. 

But if there is a clifTcrcncc between the two loads, they are 
called unbalanced and the current in the middle wire is the 
■difference between those in the outers he., it is equal to the out 
of balance current. 

Even with balanced loads there will usually be a 
current in the distributing jjart of lire middle condnetor, and 
this current may be in opposite directions in dilfcrcnt parts 
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of the wile- This can be seen from figure 133. The figures and 
the arrows indicate the values and directions of the cunents. 



l'!2. Tln'im wir.i utihiij.iuccd aygtem. 



f’lg. l;iH. CiinentR in fcbieo wae chsuibutorfl. 

Saving of copper in three wire system. 

Wc liave already shown in this chapter that the conductor 
weight vaiic.s inversely as the square of the voltage when power, 
distance and los.s ol' power in lransmis,sion are fixed. In the three 
wire system the voltage between the two outers is double the 
voltage used in tlu; two wire .sy.stcm. The weight of copper of 

t!u; two outers llicreforc in the three wire system is that in 

the two wire system. 

The middle wire i.s frequently of half the cross-section of 
the outers. 'I'hcu if the weight of copper in the two wire system 
is denoted by H)(), the following are the weights of copper in the 
various mains : 

In two wire sy.stcm 

ve main 50 
■“ ve „ 50 

Total 100 
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In the liu’ce wire Kystein 

+ veniain I2‘5 
— ve „ 12‘5 

Middle wire 6‘25 
Total 1^25' 

This shows that the weight of rojipei needed in the three 
1 ' 5 

wire system is only 31-^ 'I,', or of that needed m a two wire 
system for the same ptirpose. 

In the above ealeulallons it is assumed that tlie cairying 
capacity of the eondticLoiii is not exceeded in tiic lliree wire 
system. This may hajipeu us tlie current in die outer con- 
ductors is htilved while the ero.ss-.scction is imide one c[nartcr. 

If the current elen.sity in the two systems is intide eqtiahtlie 
two outcr.s of the three wire .system sliallneed 50 perecnl copper 

and the middle wire 12-2 making a tottil of 62 -, %. The 

losses wottld then, witli bahinccd load.s. be ltalfllio.se in the two 
wire system and the clllcicncy of transmission correspondingly 
higher. 

19-5. Series Booster. 

A scries generator is .soinclimc.s u.secl as booster on D.O. 
feeder when the voltage drop on a feeder becomes exees.slve, 



BUS BARS FEEDER ->L0AD 

i 

Ki^;. l:i 1 

This machine is a .series generator ojicr.athig on the straight 
portion of the saturation curve, the terminal voltage being 
proportional to the enri'enl. 'The voltage drop in llte feeder is 
also proportional to the current. If the booster i.s connected in 
series with the feeder (tS'ec ligure 134) and tuljustcd carcL'ully, its 
terminal p.d. may he made alwmys c<|ual to tlto drop in the 
feeder and the voltage at the load end may be maintained 
constant. 
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Two wh-e distributor fed at one end only. 

Example 1. A D.C. distribution cable 350 ft. long has 
two cores each of O' 1 sq. inch cross-section and is fed at one 
end at a constant voltage of 250 volts A consumer ‘A’ whose 
full load current is 40 amps, is connected to the other end of 
the distril)ution cable by a service cable 30 ft. long having two 
core.s cacli ol’ '06 sq. in. cross-section. Another consumer B 
whose full load current is 60 amps, is connected to the distribution 
cable at a point 150 ft. from connection A by a service cable 
50 ft. long with two cores each of '06 sq. inch. Find the p.d. 
at each consuiner’s terminals when both arc taking full load. 
Take the I’csislivity of c:oppcr as '7 microhms per inch cube. 



iunil 


R 


60 

AMPS 


~iso£t- 


so£t 

■OSSci^Jn 


B 


40 

AMPS. 


a 

doit. 

■06 S^Jn. 


KiK. Klii 


Current llowiug through PR 

“100 amps. 

Tola] reslslaiiee of calilc from P to R (both lead and 
rctuni] 


=2y 200xI2x ^^><“.1- 


“4X00 X jQ,. ohm. 


Drop, of voltiigc along PR 

4a 

__ 336 
~100^ 

Rc.sislance of service calilc from R to B 


--•.4aoox 


=3'36 volts. 


-=2x50x 12x j^X 
=--I200X -iLX“- = '014 ohm. 
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Voltage drop in this service cable 

= •014x60-- -84 volt. 

Total voltage drop from the feeding point P to B 

=3‘36+'84'=4’2 volts. 

Terminal p.d. at B =250 — 4’2=245’8 volts. 

Again resistance of distrilmtion cable from R to Q. 

=2xl50xl2X iQo X 

7 

=3600 X jQi, ohm. 

Voltage drop along RQ, 

7 

= 3600 X ^qi,x40 

= 1-008 volts. 

/ 

Resistance of set vice cable 

=2X30X12X 

, '7 .„.100 8-4 

- 7 ^ 0,% 6 1000 

Voltage drop in QA= j^^^^^x40=’336 volt. 

Voltage drop from feeding jroint P to A 

= 3‘36+T008+-336=4-704 volts. 

Teiminal p.d. at A =250 — 4'7=245'3 volts. 

Two wire distributor witli uniformly distributed 
load fed at one end. 

Example 2. A 2-core distributor PQ^ 200 yards long is 
fed at the end P and supplies a uniformly dislrihiUed load of 
0'5 arnp per yard. The maxiniuin permissible voltage drop 
is 5 volts, (a) Calculate the necessary cross scctiotr of the distri- 
butor. (b) If a concentrated load of 20 amps is added at a 
point C 50 yards from P, how will the section of the distributor 
be modihed. 
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Sp- ResI stance of copper is '7 microhm per inch cube. 

Taking a general case let PQ,=Z yards 

Current supplied by the feeder per yard length of feeder 

amp. 

Resistance pci' yard of feeder— r ohm. 



Fit?. 13(5 

At point N, a: yards fioni the feeding point P, the current 
flowing in the feeder =i {I— a:) amps. 

The rc.sistnnce of the small section dx 
=r dx 

Voltage dioj) in this small section 

—i {l—x) r dx 

I 

/.f., dv^i {l—x) r dx 

'Fotal voltage drop in length x 

-=.ir -'2 ) 

Total voltage drop in length I is obtained by putting 

X-—1 

Total voltage drop in lenglli I 

irl^ __ ilxrl _ I X R 
“ 2 “ 2 T 

R>= Total resistance of the feeder 
Iis=Total current fed at point P 
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Substituting the values 


•5><200xR 

2 


ioo= ' 

R.= f ‘ ='7X|0-«X 
a 

^ W0 8 
ax 10* 

100-8 lOO'S 


200x36x2 


lO-^X-i 1000 


= '1008 sq. in. 


•^—SOYOS- 


20 AMPS. 

1%. 137 

In lliia case tlic drop in voltage is due to the 20 amjjs, load 
at C and due to the distributed load along tlie cablc.'i. If a is 
"the cross-sectional area wc have 

( 50x2x36 X X ' ")x20 

\ itr (I J 


+('- 


X-- X'5X200X2X200X36X 


• 5 volts. 


504 504 _ 

10' X a IO»Xa 


a- ■•] ] 1 .s(j. in. 


504 / 1 , iV-5 
10"xrA]O^W 

MX 504 

1000x5 Jn.sfj. in. 

Two wire distributor fed at botKi ends at different 
-voUage. 

Example 3. A distributor is fed from bolh ends. At 
‘feeding point A the voltage is maintained at 235 V and at B at 
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236 volts. The total length of the feeder is 200 yards and loads 
are tapped off as under. 

20 amps, at SO yards from A 
40 amps, at 75 yards from A 
25 amps, at 100 yards from A 
30 amps, at 150 yards from A 

The resi.stance per 1000 yai-ds of one conductor is '4 ohm. 
Calculate the current in the various sections of the feeder, the 
minimum voltage and the point at which it occurs. 



Ida. 13't 


Total resi.stance of section AAj. (lead and return) 


•4 

1000 


X50x 2 ~ 


’04 ohm. 


Total n'.sistancc of section AiAa 


4 ^X 25 X 2 
lOOO' 


= '02 ohm. 


„ AiAa ---02 ohm., 

„ J5 )• ^3^1 —‘0^ » 

„ „ A.B =-04 

Con.siclcr llu; eurrciU (lowing from point A to be=lA amp, 
/. Voltage drop in section AAi =IaX'04 
vSittiilarly voltage drop in AiAj “(Ia— 20)X’02 
„ „ AiA., =(Ia-(0)X'02 

, » „ AA =^0^-85) X -04 

„ „ „A,B -(Ia-115)x-04 

Adding all the voltage drops wc have 
Ia X •04+ (U-“20) X •02-1- (Ia “60) X •02+(Ia- 85) x '04 
.p(lA“il 5 )X '04 =:-I 6 I^“ 9^6 
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Point B has a voltage one volt above point A, 
■16 Ia-9-6=-1 

1a= =53-75 A 

•16 

Total current =20-f40+25+30=lI5 A 

Current Bowing from B 

= 115-53-75=61-25 A. 

6 25/1 

^ I 4 J,^3/25yi eizsA „ 

Ao r — > r^— « n < n - — 

235V III I 256'r 

20A 40A Z5A 30.4 

Kig, 13U 

Current Bows from both points A and B to the point Aj. 
Therefore Ag is the point of lowest potential. 

Taking voltage drop from point A 

Drop in AAi =53*75 X •04=2-1 5 V 

» „ AjAg =33-75 X -02= -675 V 

Total drop = 2-825 volts 

Voltage at point Ag =235 — 2-825 

=232-175 

Taking voltage drops from point B 

Drop in B =61-25 X -04=2-45 V 

„ „ A 4 A 3 =31 -25 X -04= 1-25 „ 

„ „ AaAg = 6-25 X -02= ‘125 „ 

= 3-825 volts 

=236-3-825==^232-175 V. 


Total drop 
Voltage at point Ag 
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Ring distributor fed at one point. 


Example 4. A 400 yards ring distributor has loads as 
shown in the figure ; the distances being in yards. The resis- 
tance of each conductor is '2 ohm per 1000 yards The distri- 
butor is fed at the point A at 250 volts, Find the voltage at 
the load points B, C and D. 


Resistance of section 
AB (both eonduetois) 

2x80x-2 
= 1000 
= •032 ohm 

Resistance of sc-rtlon 
2X 10()_X-2 

SC 1000 ‘ 

--=•04 ohm. 

Rcslstaiu c of sec lion 

240X'2 


CD=- 


1000 


'=:-'048 ohm. 





Resistance of section r)A=’04 ohm, 


mJ 


Let 1 lie the emremt ilowing from A to B, then 

•032 T i-(r-l00ix-04+(l~l60)x'048 + (l-200)x-04=0 
•032 I-1--04 I-I--048 M-'04 I ~19^68=0 

•16 T-.- 19-68 


Drop in seetion A 15 
Voltage at B 
Drop in scetiem BCl 
Voltage at Cl 
ClurrciU IVom A to V 
Drop ill sei’llcm Al) 
Voltage, at D 
Ounent front H to <1 


I;r-123 amps, 

123X'032 = 3'93V. 
„250-3-93=246-07 V, 
=.23x-04-'92 V. 

246-07 -‘92= 245- 15 V. 
=Total cuucnt-123=77 amps. 
=77X’04=3-08 V. 
«250-3-08=246-92 V. 

-■-37 amps. 
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Ring distributor fed at two points. 


Example S. A ring main loaded as shown is fed at two 
points A and B at 250 volts. Find the current in each section 
of the cable and voltage at each load point. The resistance 
at each section (both conductors) is given in ohms. Find also 
the total current supplied at A and B. 



Let current flowing from 
A to C = Ii 

Then -02 Ii-l--03(Ii-50)=0 
•02 Ii+ 03 

Ii=30 amps. 

Let current flowing from 
A to D =ia 

Then '02 1^+ 05(12-60) 
+ - 03 ( 11 .- 100)=0 

•02 laH-'OS Ia+;03 I 2 6 
1 , 2-60 amps. 

Vollage drop in section AD 
-60 X -02=1-2 V. 


Voltage at D -250-l'2- 24K-8 V. 

No current flows in section DF as 60 amp.s. flowing from 
A to D goes to the load at D. 

Voltage at point F— Voltage at 1) 

=248-8 V. 

Current from B to C =50 — 30-^20 amps. 

Current from B to F =40 amp.s. for load F 

Voltage drop in .section AG 

=30 X '02 =- -6 V, 

Voltage at G =250--6 249-4 V. 

Current supplied from point A 

=60+30 = 90 amp.s 

Current sypplied from point B 

=20+40= 60 amps. 
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Example (5. In the diiect current network shown, the 
feeding point is at A. The resistance of each section (both 
conductors) is given in ohms. Find the value and direction of 
current in each section. 



Suppose a current of amps, flows from point A to B and 
a current of ainjis. flows from D to H, then the current 
in each .section will he trs .shown in the figure. 

Going unuid tin: ine.sliABCDHGEF anticlockwise wc have 

•1 r^d-15(lj-10)-h-2{Ii-30)H--01Ia+-02(Ia-30) 

|-•03(l3•-40)+•06(ll-70)^-•06(Il-80)-0 

or T Ji'h '15 1( -|'■2 Ti+'OG Ii+'Ol Ig+‘02 

+ •03 l3-l-5-6--6-l-2-4'2-48=0 
or -57 h l-'Ofi la' 18‘3 

Now going lomitl ine.s)i DIIGE anticlockwise we have 

•01 lad •02(I,r-30)+‘03(l8-40)--02(li~Ia~30) =0 
•01 Tu-1 '02 la l-'Oa la— '02 Irh’02 Ia~-6-l‘2+-6=0 


or 
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...( 1 ) 

...( 2 ) 


or -02 Ii--08 I..= - 1-2 

■57Ii-|--06 

3 

Multiply equation ( 1) by 

•015 L---9 ..,( 3 ) 

Add equations (2) and (3) 

•585 li-=17-4 

li --29 7 amps. 

Substitute value of in equation (1) 
•02x29-7--08L=-~t'2 
•594--08 lo- - 1-2 
•08 12=1-794 

Ia----22‘42 amps. 

Currents in various sections 

A to 1J=>J| -29‘7 amps, 
li to C=:Ti-10- 19*7 amps. 

C to T)“=lj — 30=29'7~30'= — "3 amp. 
or fromD to C~‘3 amp. 

A to l'’--80-Ii=- 80-29-7 =50 3 amps. 

F to Fi-570T“Ii==-40-3 amps. 

II ia 0=40-1.2 -40- 22-42-- 17-58 amps. 
D to H=l2=22'42 amp.s. 

G to H=30— Ta=30— 22‘42.-i7'58 amps. 

KtoD-IaH"30-Ii 

=22*42-1- 80- 29-7 -22-72 amps. 

Example 7. Slate Kelvin’s l.aw for the economical section 
of a feeder and liml the expression fur the same. Explain why 
this law may loe modilicd in practice. 

(b) If the cost of a transn)is.sioii line per mile isRs. lOjOOOs 
where is the cross-scctional area in ,s(p in. and if the interest 
and depreciation on the capital co.st be 10%, estimate die 
most economical current density you would choose for trans- 
mission line requiring full load current for 40% of the time of 
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the year. Cost ol generation of power is 2 annas per unit. 
Resistance of the conductor one mile long and one sq. in. cross- 
section is -043 ohm. 

As already explained , the requirements of efficiency and 
cheapness are_ opposed to a large extent. When the voltage 
has been decided, the .size of cable for a given transmission 
which will give the best results can be obtained by the Kelvin’s 
rule stated below. 

The most economical size of a feeder is one for which the 
annual cost of energy lost in the feeder equals the annual cost 
of interest and depreciation on the capital cost of the con- 
ductors. 


Let R= Total resistance of the feeder. 


/=Total length of the feeder (positive and 
negative lines). 

lime in hours of the working period 
during a year. 

I Average value of current during time t. 
a;=Cost of generation per KwH. in rupees. 
Total energy lost during the year 


iRt 

Togo 


Cost of energy lost per year 

PR/. 

pi 

Substituting R = — 

(t 

„ pU X P 

Cost ol energy =1 say 

where P is a constant. 

If ij is the cost of conductor per unit volume in rupees. 
Cost of conducLor.s =» Xlxy 

If z% be the rate of interest and depreciation the annual 
cost of interest and deju’cciation 

X yqq rupees 


where is another constant. 



248 WORKED EXAMPLKa IN EKEOTRIOAE ENGINEERING 


Total cost of transmission— F«Q, 

II 

P 

which is the minimum when— =aQ, 



I limitations to the application of Kelvin’s Law 

Kelvin’s Law must be applied with consideiablc caution 
because it docs not always give a conducioi si/.c that is suitable. 
This is quite obvious because the et)st of cneiffy, intcrc.st and 
depreciation charges have no x'clation with the physical aspects 
of the problem such as icsislauce, voltage diop and tempera- 
ture rise etc. « Thus for two exactly similar systems having 
identical demands the cable sizes sliould lie the same but if 
energy costs, interest and deptceiation charges ate difTcient in 
the two cases the application of Kelvin’s law would give 
entirely dilTcrent cable sizes. 

In selecting the size of the conductors, tlie co.st of copper 
is not the only consideiatlon, tlic pcrmis.siblc tempciatuic vise 
must also lie taken into account. 

Again for insulated cables the cost of insulation mu.st also 
be considered. This increases with the size of the cable but not 
in proportion to the area of cross-section. 

{b) If total length is I miles 

Cost of conductois iOOOOi'/ x / 

(I lOOOOxZx— Rs. 1000 ; 

Annual cost of energy lost 

1000 


I” 

, / 




“ 1000 

X /x.rxp - 

~ 



p 

X365 > 24x' 

40 

' - V 

2 

xr043 

1000 

lOO'^ 

16 

II 

p— i — 

1000 

X365X24X 

40 

100^ 

2 

16 

X ‘43 1 
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Now 




Q, 

I® . ^ 2 ‘043 ^ 

'lOOO^ 365x24x-4x j^XioQo^ 


P 

a^" 

_L 

a 


U)«_ 

'438 X -043 

1000 

= v/j^ 7 g ~211 amps, per sq. jn. 

Example ft. rialculalc the most economical size of a two 
core feeder .snpplying a consumer at a distance of 1500 yards 
from thcsnh-suuion, the feeder being assumed to carry constant 
current of 300 amps for 10 hours a day. Interest and depre- 
ciation arc 10% per annum and the cost of electrical energy is 
1 

1-" annas per unit, 'i'hc capital cost of the feeder which varies 

2 

with the area Is Rc. I per lb. 

The resistance of 1000 yards of conductor one sq. inch cross- 
section is '0243 ohm', and the weight of one cubic inch is '32 lb. 
Hours of .sup]-)ly per year~3650 

, -024.3x1500x2 -0243x5 

Re.sistunco ol icedcr 


lOOxa 


Cost of encigy lost peryear= 


PRt 

1000 


XX 


^ Rs, 300 X 300 X f '0243 X 

V. » / 


X 


/365^n 

UOOO/ 




-Rs. 900 x 9X-0243X-32^„ 

WcigliL of conductor --"rt X 1500x2 X 36x '32 lbs. 
Co.st of tlio conductor X 3000 X 36 x '32 rupees 
Interest and depreciation 

1= — of cost of conductors 

.300x36X'32xa lupees. 

365 

300 X 36 X -3 2 X « 900 X 9 X '0243 x 3 ^ 
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2_3x2'43x365_ 2660 

32x32x4 ~'32'x32x4 
51-57 

~‘805 sq. in. Am. 

Example 9, A3 -wire feeder is half a mile in length, the 
two onlers having each a cross-section of 0-25 sq inch and the 
neutral '125 sq. in. It cavrie.s 100 amps, in the positive outer 
and hO amps, in the negative outer. The voltages across 
each of the two sides is 250 volts. Sp. resistance for copper 
is 2/3 microhm, per inch cube. 

(<t) Calculate the total power loss in the feeder. 

(b) Determine the resistance and cross-section of a two 
•wire feeder whicli will transmit 180 amps, at 250 volts with the 
•same power loss. 

Re.sistancc of each outer=.=-^- 

a 


_ 2x880x36 
" 3 X -25 x10" 


=•0844 ohm. 


Resistance of mid wire =2x-0844=-l69 ohm. 


Watts loss in positive outer 

==1003x -0844=844 watts. 


Walts loss in negative outer 

"80’*X -0844-~540 watts. 


Watts loss in neutral =--20® X ’ 169=67 watts. 

Total I 0 .S.S - 1451 watte. 

If the power loss is to be the same in the two wire system 

Ihen 


l2Rj=145I 

R- 

180x180 


= ’0447 ohm. 


Tilts is the total resistance of the two wire feeder. 
I'olid ar(;a of cross-section ih‘3 wire system 

■ -'25 + '25~l-- 125='"-625 sq. in. 

In 2 wire feeder 

Ra --0447 ohm. 
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Area of cross-section cl 


pi 

R. 

2 1 2X880X36 

3 -x io« ^"^447 


= ■945 sq. in. 

Total area of cross-section=2 x ■945=1'89 sq. in. 


Hence ior the same distance of ti'ansmission for the same 
power loss : 

Weigh t of copper for three wire transmission 
Weight of copper for two wire transmission 


•625 

1-890 


=■33 or 33%. 


JBxampIe 10. A three wire feeder has each outer having 
a resistance of "I ohm and the neutral having a resistance of 
•2 ohm. The voltage across each of the two sides is 120 V at 
the generators bus-bars. 50 lamps each taking a current of 
one amp. are connected in parallel across each side at the end 
of the feeder. 

(a) (i) Find the voltage across each load ; (ii) output of 
each generator. 

(b) The load between positive outer and mid-wire becomes 
70 lamps and that between the negative outer and mid-wire 
becomes 30 lamps, find 

(i) Current in each outer. 

{W) Current in the mid-wire. 

{Hi) Line drops in each outer and the neutral. 

(iv) Voltage across each load. 

(v) Output of each generator. 



120 VOLTS (Go 
1 - ' 


LAMP 
LOAD I 


LAMP 

LOADH 


•1 OHM 
Tig. U3 


F 
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(0) Current in positive outer =50 amps. 

Currentin negative outer =50 amps. 

Current in neutral wire =50 — 50=0 amp 

Voltage drop m the positive outer =50 x ‘1 = 5 volts 
Voltage drop in the negative outer =50 X '1 = 5 volts 

(1) p.d. across lamp load 1=120 — 5=115 volts, 
p.d. across lamp load 11=120—5 = 115 volts. 

(ii) Output of each generator 

Gi or G 2 =voltage X cuirent= 1 20 x 50 
= 6000 watts=6 Kw. 

(6) (i) Current in pOsSitive outer =70 amps. 

Current in negative outer =30 amps. 

(ii) Current In the irtiddle wire from D to C 

=70-30=40 amps. 

(iii) Voltage drop in positive outer A to B 

=70 X '1=7 volts, 

Voltage drop in negative outer F to 13 

=30 X '1=3 volts. 

Voltage drop in mid wire from D to G 

=40 X '2=8 volts. 

(w) Voltage across lamp load I 

= 120-7-8=105 volts 

Voltage across lamp load 11= I20‘-|-8— 3 = 125 volts. 

Nota. Voltage across lamp load II is obtained by the 
application of Kirchon’’s second law to circuit CDFE. 

Suppose point E is at zero potential. 

Then potential of point 0 i.s 120 V and the potential of 
point JO is 128 V. Similarly the jjotcntial of point F is 3 volts. 

p.d. across points D and F -128 — 3 = 125 volts. 

(i>) Output of generator Gj=curre,nt X volts 

=70x 120=8400 watls=8'4Kw. 

of generator 0^= Current X Volts 

-=30x 120=3600 waUs=3'6Kw. 
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Example 11 , Assuming that the current taken by each 
lamp in example 10 remains one amp., what voltage will 
there be across loads BD and DF if the neutral wire broke at 
point S in case (b) with load I of 70 amps, and load II of 
30 amps. 


Res. of lamp load I 


Voltage across load I 
Current of load I 


Ri=-^^= 1‘5 ohms. 
125 

Resistance of load II, R2=-2^=4'17 ohms. 


When the neutral wire breaks the two loads I and II are 
in series and must take the same current. 

The total resistance =Td-T + l‘5-j-4'17=5‘87 ohms. 
There is now 240 volts across this resistance and the 


current 



™40'9 amps. 




The voltage across load I=currentxRi=40‘9xT5 

—61 '35 volts. 


Voltage across load 11=1 XR3=40'9 X4T7=170’5 volts. 

It should be noted that the larger load of 70 lamps works 
on a considerably low voltage and the smaller load of 30 
lamps is operating at a very much higher voltage than the 
rated value. 

Example 12. A current of 80 amps is carried by a 

feeder run from a central station to a point miles 
away. The resistance of 1 000 yards length of cable is '214 
ohm. at the working temperature. Determine the required 
amount of Iroost for a feeder booster connected to the feeder 
and the booster output. 

Total resistance of the feeder 

=2x-2-x 1760X-^^- =1‘13 ohms. 

Voltage drop in the feeder when carrying 80 amps. 

=80xlT3=90‘4 volts. 

This is the terminal p.d. of the booster so that the feeder 

90-4 

must be boosted to the extent of 

= 1T3 volt per ampere of line current. 
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Booster output Kw. 

Example 13. Write a short note on the use of aluminium 
for electrical purposes as compared with copper. Also 
compare the resistance of copper and aluminium conductors 
each one gram in weight and one metre long. Given specific 
gravity of copper and aluminium respectively as 8'9 and 2'1 and 
specific resistance 1‘69 and 2‘78 microhms per cm. cube 

Copper and aluminium are the two cloief materials 
employed for transmitting- power for which purpose a low 
specific resistance is advantageous Aluminium has only 61 % 
of the conductivity of copper but for the same weight and 
length it has about twice the conductance of copper. It is 
softer than copper and has a tensile strength much less than 
that of copper. For a given conductance the carrying capacity 
of aluminium is move than that of copper because of its 
greater ladiating surface. While copper has no rival in 
dynamo windings etc. where space is limited, aluminium is in 
extensive u.se for transxnis.sion lines where its higher resistivity 
is more than compensated by its low density. For the trans- 
mission line,s the aluminium strands surround a central steel 
core for strength. Aluminium is also m common use for 
conductor.s in insulated cables nowadays even though for 
the same conductance the conductor is of a greater cross- 
scction needing a greatci amount of insulation. The greater 
amount of in.sniation in this case is more than offset by the 
] ower cost of aluminium. 

Cross-section of copper conductor one metre long and one 
gram in weight 

Volume _ Weight 

Length Density X Length 

8-9 X iOO 

^ =L69x I00x8-9x 100x10-“ ohm. 
a 

==L69X10“X10-®X8‘9 

1 504 ohm. per metre gram. 


Resistance 
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Gross section of aluminium conductor one metre long and 
one gram in weiglit=^-^ ^ 

Resistance =2'78 X 100 X 2‘7 x 100 X 1 
=2-78xl0^Xl0-«x2-7 
="0751 ohm. per metre gram. Ans. 

Example 14. Find the diameter of copper wire whichi 
will have the same resistance and length as an aluminium wire 
162 mils in diameter. Sp. resistance of aluminium and copper 
respectively are 2‘78 and 1'7 microhms per cm. cube. 

If Z is the length in cm. of each wire 

Res. of aluminium wire 


4 X-1 622x2-54^ 

4 

^17 I 

And of copper wue =R=-r7^ X— 

4xd2x2-542 

4 

where d=dia. of copper wire 

2-78 _ 1-7 

1 62* d* 

/'•7x2M>l^=V6rX"162 

V 2-78 

=•126" Ans. 

Example 15 . From the following data compare the rela- 
tive cost of using aluminium and copper conductors for trans- 
mitting a given amount of power a certain distance. The efE- 
ciency of transmission and the voltage at the consumer s end 
of the line should be equal in both cases. 


Material 

Sp. Resistance 

Sp. gravity 

Cost per ton. 

Copper 

1'7 microhm 

8-9 

Rs. 800 

Aluminium 

per cm. cube 
2'78 „ 

2-7 

Rs. 1,500 1 
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For the same power to be transmitted with the same efli- 
ciency the PR loss in both cases must be equal. 

The voltage at the consumer’s end being equal the current 
I is the same in both cases and, therefore, the te.sistance of the 
conductors used in the two cases are equal. 

Let R=Rcs. of conductors 

^ = Length of the conductors (lead and return). 
Ac = Sectional area of each copper conductor 
Aa=Sectional area of each aluminium conductor 

..--Pi 

R“- ^ J ^ , res. of copper conductors 
A(! 

R-- ^ , res. of aluminium „ 

l'7A,r--2-78A« 

A„ ^ T7_8 
A« 1-7 

Volume '^Arca of cios.s section X Length 
For equal length of conductors 
Vol. of aluminium 
Vol. of copper 


•or 


^ 1-63 


:l-63 


Weight of aluininium_ Vol. of aluminium ^ 2'7 

- - — X 


Weight of copper 

Cost of aluminium 
Cost of copper 


Vol. of copper 
2-7 4-4 


"1 g.9 

. -494x1500 

«()() 


8-9 


8 9 

— - '494 


=-■=•926. dua. 




